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On Compton’s Latitude Effect of Cosmic Radiation 


G. LEMAITRE AND M.S. VALLARTA, University of Louvain and Massachusetts Institute of Technology 
(Received November 18, 1932) 


By considering the influence of the earth’s magnetic field 
on the motion of charged particles (electrons, protons, etc.) 
coming to the earth from all directions in space, it is shown 
that the experimental variation of cosmic-ray intensity 
with magnetic latitude, as found by Compton and his col- 
laborators, is fully accounted for. The cosmic radiation 
must contain charged particles of energy between limits 
given in the paper. The experimental curve may be repre- 
sented by a suitable mixture of rays of these energies, but 
it is not at all excluded that a part of the radiation may 
consist of photons or neutrons. For predominantly negative 


particles there must be in the region of rapidly varying in- 
tensity a predominant amount of rays coming from the 
east, and conversely for positive rays. Because of the fact 
that in regions near the magnetic equator there is a pre- 
dominance of rays coming nearly horizontally, the absorp- 
tion by the atmosphere may be increased. Finally the fact 
that Compton's result definitely shows that the cosmic rays 
contain charged particles gives some support to the theory 
of super-radioactive origin of these rays advanced by one 
of the present authors. 





I. 


N the course of a survey of the intensity of 

cosmic radiation at a large number of stations 
scattered all over the world, A. H. Compton and 
his collaborators! discovered the remarkable fact 
that while the intensity is nearly constant for 
latitudes north of 34° in the American continent 
and south of 34° in Australasia, it drops sharply 
between these latitudes to a value about 87 
percent as great as that for high latitudes, reach- 
ing a minimum at or near the magnetic equator. 
A close correlation with magnetic latitude was 
also found. These results are in agreement with 
those of J. Clay and H. P. Berlage.*? This dis- 


1A. H. Compton, Phys. Rev. 41, 111 (1932); 41, 681 
(1932); also a paper presented at the Chicago meeting of 
the American Physical Society, November 25, 1932 
(Abstract in Bull. Am. Phys. Soc. 7, 13 (1932)). See also 
R. D. Bennett, J. L. Dunham, E. H. Bramhall and P. K. 
Allen, Phys. Rev. 42, 446 (1932). 

2]. Clay and H. P. Berlage, Naturwiss. 20, 687 (1932). 
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covery rules out the hypothesis that the cosmic 
radiation consists of photons alone and suggests 
that it is made up at least partly of electrons, 
protons or other charged particles. The question 
as to the origin of these particles remains as yet 
unanswered; it is very likely bound up with 
general cosmogonical problems, an hypothesis 
as to which has already been advanced by one 
of the present authors.’ 

It is clear that the latitude effect discovered 
by Compton is attributable to the charged com- 
ponents of the cosmic radiation alone, so that the 
problem arises as to whether the experimental 
results can be accounted for by considering the 
influence of the earth’s magnetic field on the 
motion of such particles.‘ This influence has 


Reference is also made in this letter to a paper by A. Corlin 
which unfortunately is unavailable to the authors. 

3G. Lemaitre, Nature 128, 704 (1931). 

4 Qualitatively, the latitude effect was predicted by W. 
Heisenberg at the end of his paper Theoretische Uberleg- 
ungen sur Hohenstrahlung, Ann. d. Physik 13, 430 (1932). 
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already been extensively treated by Carl Stérmer® 
in connection with his investigations on the 
origin of the aurora borealis. It will be shown in 
the present paper that the experimental vari- 
ation of intensity with latitude is fully accounted 
for if the cosmic radiation consists at least in 
part of electrons (or protons) of energy of the 
order of 10" electron-volts, coming to the earth 
from all directions in space. 


Il. 


Since the force is perpendicular to the path of 
a charged particle moving in a magnetic field, 
the kinetic energy is constant and the speed is 
constant. The relativistic mass is therefore also 
constant and the motion may be treated by the 
methods of classical dynamics. Since a Hamil- 
tonian exists (the relativistic Hamiltonian for 
motion in a magnetic field), Liouville’s theorem 
is applicable.® If now we assume that the inten- 
sity distribution of the cosmic radiation at 
infinity is homogeneous and isotropic, the inten- 
sity in all allowed directions at any point in the 
earth’s magnetic field is, by Liouville’s theorem, 
the same. Thus the question of calculating the 
intensity at any point on the earth’s surface 
reduces to that of finding out in which directions 
particles coming from infinity can reach that 
point. There are, as we shall see, three possi- 
bilities: either all directions are forbidden, or all 
directions are allowed, or only certain directions 
are allowed and the rest forbidden. At all points 
belonging to the last category there is a cone 
which encloses all directions in which trajectories 
issuing at infinity can reach the point in question. 
For particles of any given kinetic energy our 
main problem is thus the determination of this 
cone, which in the cases of points on the earth’s 
surface belonging to the first two categories may 
be completely closed or completely open. After 
the cone is found the intensity at the correspond- 
ing point can be immediately calculated by 
computing the solid angle of the cone. 


5 Carl Stérmer, Zeits. f. Astrophys. 1, 237 (1930). 
References to his previous work are given at the end of this 
paper. See also Zeits. f. Ast rophys. 3, 31 (1931) and a dis- 
cussion by E. Brucke, Phys. Zeits. 32, 31 (1931). 

® See for example E. T. Whittaker’s Treatise on Analyt- 
ical Dynamics, 2nd edition, p. 284. 
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III. 


We use spherical coordinates r, 9, 4, where r 
is the distance from the center of the earth, ¢ 
the longitude counted positively towards the 
east, and \ the magnetic latitude. We assume as 
a first approximation that the earth’s magnetic 
field may be represented by the field of a dipole 
of moment M at the center of the earth, with its 
axis towards the magnetic poles.’ The com- 
ponents of the earth’s magnetic field in the direc- 
tion of r increasing and X increasing are, re- 
spectively, 


H,=(2M/r') sind, Hy=—(M/r') cos X. 
The equations of motion are then, 
(m/eM)(ry+27%\+r¢ sin d cos d) 

=—(2/r)¢sinXcosr, (1) 
(m/eM)(#—rd?2—r¢g? cos?) = —(cos? d/r?)¢, (2) 
m a 2h ; 


— (r’¢ cos? \) =— sin A+— cos \, (3) 
eM rcos X dt r r 





where m is the relativistic mass at the constant 
speed corresponding to the kinetic energy of 
the particle, e is the charge on the particle and 
the dots have their usual meaning. The last 
equation is immediately integrated, yielding as 
its first integral, 


—(m/eM)r’¢ cos? \=2y+(1/r) cos? A, (4) 


where ¥ is an integration constant which in our 
physical problem is proportional to the g-compo- 
nent of the moment of momentum of the particle 
at infinity. Since the particle may be moving 
there in any direction, y may have all values 
from — to +. It follows further that its 
motion in the magnetic field of the earth can be 
split up into two motions as already noted by 
Stérmer®: a motion in a meridian plane, and a 
motion of rotation of the meridian plane about 
the magnetic axis. 

The inclination @ of the particle’s path with 
respect to the meridian plane is given by® 


sin 6 = (r cos \/v)(dy/dt), (5) 


? The introduction of the real magnetic field of the earth 
as determined empirically from measurements on the earth’s 
surface, by the method of Gauss, can be made by using the 
results of A. Schmidt, Zeits. f. Geophys. 2, 38 (1926). 
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LATITUDE 
where v is the velocity, and from the conservation 
of kinetic energy we have, 

P+rp2+r¢? cos? =v", (6) 
From (2) and (4) we find, eliminating ¢, 
3d (ri) /dt —v? = (e? M?/m?)(1/r)(2yr+cos* \) (7) 


and therefore, by integration, 


eM? 4y cos? Adr 
PrP —vr = — | -=+2 f——-cl. (8) 
m? r rs 


From (2), (4), (6) and (8) we have, eliminating 
¢g and 7, and dividing by (8), 














rd 
de 
—4y?/cos? \—cos? \/r? + C+2 fcos? ddr/r 
a v?m?r? /e? M? — byt mre 2 f cos® d\dr/r’ ©) 
which when integrated by parts gives 
rdn —4,*/cos? \+ C+ fsin 2\dXd/r? (10) 


dr>— v*m*r?/e?M?*—4y/r—C 
— fsin 2d\dd/r? —cos? \/?r? 
These equations may be more readily discussed 
by using a normalized coordinate 


x =(mv/+eM)"?r, (11) 


where the sign in the denominator is to be taken 
either plus or minus according to whether we 
are dealing with positive or negative particles. 
In terms of the kinetic energy of the particle 
measured in electron-volts (11) may be written 


x=r(V/300McZ)"*(14+600mygc?/eV)"4, (12) 


where V is the potential measured in volts, c the 
speed of light in vacuum, Ze the absolute value 
of the particle charge, « the electronic charge, 
and m, the rest mass of the particle. Placing 
for r the radius of the earth (6370 km) we obtain 
a value x» which fixes the scale of our normalized 
coordinate with respect to the earth and is a 
measure of the energy of the rays. 

Likewise it is convenient to use instead of our 
y a new 7: defined by 


yi= —(tAeM/mv)"*y, (13) 
so that (5) now becomes, 


+ sin 6= —2y,/x cos A\+cos A/x*, (14) 


EFFECT OF 


COSMIC RADIATION 89 
where the minus sign refers to positive particles 
and the plus sign to negative. 


IV. 


We now examine the three possibilities men- 
tioned above, and investigate first, for any given 
kinetic energy, those points on the earth where 
no particles can arrive. For the sake of concrete- 
ness we consider the case of electrons, the dis- 
cussion being similar for protons or other par- 
ticles. For any given x»<1 and y,;>1 no rays 
coming from infinity can reach the earth because 
the domain of admissible values of sin @ forms 
a closed region without any connection with 
infinity. The limiting value \,; of \ is therefore 
given by Eq. (14) with sin @=1 and y,=1, and 
the region where the rays do not come extends 
from A4=0 to A=Ax. For x9 >2"/*—1 there is no 
region where the rays are completely excluded. 

For latitudes greater than \, and values of 
xo <1 there are trajectories coming from infinity 
but they have a limit, and this limiting trajec- 
tory must be asymptotic to a periodic orbit. 
St6érmer*® gave the estimate that no _ periodic 
orbit exists for y,<0.5. This estimate can be 
improved by using Eq. (10). A good approxima- 
tion of the mean value of x for a periodic orbit 
can be found directly from (9) in agreement with 
the numerical computations of Stérmer. By 
neglecting the integral and using a mean value 
for \, the constant C in the denominator of Eq. 
(9) must be so chosen that this denominator 
has a double root. We adopt as the mean value 
of sin? \ 

sin? \ = sin? \,,/2, (15) 
where X,, is the maximum value of \, and estimate 
Am as the inclination of the tangent drawn from 
the origin to the curve sin @=1, in Eq. (14). This 
condition gives, 


cos’ Am = 72’. (16) 


The fourth degree equation fixing the value of x 
for the periodic orbit is found to be 


xt —2y,x+1-—sin? \,,/2 =0 (17) 
and C is then given by, 


C—1=[2(2y:xp—1)(1—yixp)+sin? An/2 ] 
/4yixp*, (18) 


5 Reference 5, p. 248. 
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TABLE I. Calculated values. 
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Am 71 xP Cc 

0° 1 1 0 
10° 0.978 0.984 1.023 
20° 0.911 0.934 1.092 
P 0.806 0.810 1.198 
31° 40’ 0.783 0.736 1.200 


AND M. S. 











where xp is the root of (17). Table I gives the 
collected values of Am, yi, Xp and C. 

As the approximation (16) is in good agree- 
ment with Stérmer’s values for y,;=0.97 and 
7yi1=0.8 we may use it to determine the value of 
v1 at which it becomes impossible to have a 
double root. Thus we find the value y;=0.783, 
which must be very close to the limiting value 
of y: for which periodic orbits disappear. There- 
fore for values of y:<0.783 there is no limiting 
trajectory and the earth is reached by rays from 
all directions. Just as we have proceeded for the 
first domain (y,=1) we can now determine, 
using Eq. (14) with sin @= —1 and y:=0.783 a 
limiting value Az such that for values of \ greater 
than d2 the rays of energy corresponding to xo 
will reach the earth from all directions. This 
applies only to values of x» inside of the periodic 
orbit. We have carried out the numerical inte- 
gration of Eq. (10) for y:= 0.911, corresponding 
to Am=20°, beginning at log x= —0.04 and 
A= 14.14° and decreasing values of \. From the 
result of this integration we have made estimates 
of the inclination » with the radius vector of the 
asymptotic family of trajectories passing through 
points of coordinates x=0.5, 0.6, 0.7, 0.8 and 
0.9, both for \=0° (equator) and 10°. 


TABLE II. A\=0°. 


























Xo A; A2 3 n I(%) 
0.5 0° eS 61° 62° 65 
0.6 — 34 -—15 10 57 32 
0.7 —55 — 34 —11 71 17 
0.8 —70 — 46 — 26 83 3 
0.9 —82 —52 — 46 90 1 
TABLE IIT. A=/0°. 
Xo A; Ae 9; 7’ 7” I(%) 
0.5 -— 7° 13° 50° 44° 69° 60 
0.6 —41 —20 3 42 59 29 
0.7 —65 —39 —15 58 68 16 
0.8 — 90 —51 —26 79 84 — 
0.9 —90 —57 — 46 90 90 — 
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For each pair of values of x» and \ we know 
three points of the cone, i.e., the value of 6, for 
yi=1 for which the angle »=0, 42 for y,=0.911 
for which we have the estimated values of 7 as 
described above, and 63 for y,=0.783 for which 
n=90°. From these data we have made a graph- 
ical integration of the total solid angle of the 
cone. For x9 =0.9 and 0.8, which are greater than 
0.736, i.e., the value of xo for the limiting periodic 
‘orbit we have to replace @; by the values cor- 
responding to y:=0.88 and y,=0.80, respec- 
tively, for which the periodic orbit has the value 
xp=0.9 and xp=0.8, obtained by interpolation 
from Table I. For xo>1, xo is greater than the 
corresponding value for any periodic orbit and 
therefore the rays come at every point from 
every direction. 

Our collected results are givenin Tables II to V. 
The last column labelled J gives the percentage 
intensity and the columns marked 7’, 7” refer 
to the north and south, respectively. It is seen 


TABLE IV. \=20° and 30°. 











Xo A, 6; I(%) 
aren 0.5 — 30° 25° 44 
A= 20 ‘o ~69 ~10 15 
i= 30° 0.5 —~90 my 14 








TABLE V. The latitudes at which the cosmic-ray intensity 
would become zero (;) and would reach maximum value 
(A2) for various equivalent energies. 


























Xo Ar Ae 

0.1 64.4° 66.7° 

0.2 49.0 57.3 

0.3 34.8 50.1 

0.4 12.0 44.3 

0.5 — 39.9 

0.6 — 36.3 

0.7 — 33.9 

TABLE VI. Equivalent electron voltages corresponding to 
various values of X». 
Electrons Protons a-particles 

Xo (10'° volts) (10'° volts) (10'° volts) 
0.1 0.0596 0.01722 0.01842 
0.2 0.238 0.1618 0.2308 
0.3 0.536 0.449 0.760 
0.4 0.954 0.861 1.564 
0.5 1.490 1.397 2.625 
0.6 2.145 2.050 3.928 
0.7 2.920 2.823 5.46 
0.8 3.821 3.719 7.25 
0.9 4.830 4.729 9.27 
1.0 5.96 5.85 11.52 
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that there is a slight predominance of the rays 
coming from the south. Table VI gives the energy 
measured in electron-volts equivalent to x)=0.1 
to x»=1.0 for electrons, protons and alpha- 
particles.’ The curves of variation of intensity 
with magnetic latitude are plotted from these 
tables in Fig. 1. 
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Fic. 1. Dependence of cosmic-ray intensity on magnetic 
latitude. 


V. 


From an examination of the curves in Fig. 1 
we conclude, first, that the cosmic radiation must 
contain charged particles of energy between that 
corresponding to about x» =0.3 and x»=0.7 (see 
Table VI for equivalent voltages). It seems 
possible to represent the experimental curve by a 
suitable mixture of rays of these energies, but it 


®For the magnetic moment of the earth we take the 
value 8.0410" e.m.u. See Handb. d. Physik 15, 288, 
chapter by G. Angenheister. 


is not at all excluded that a part of the radiation 
may consist of photons or neutrons. 

The sign of the charged particles of the cosmic 
radiation, or the sign of the predominant part 
of the rays if they are a mixture of positive and 
negative particles, is within the reach of experi- 
mental detection. For negative particles there 
must be in the region of rapidly varying intensity 
a predominant amount of rays coming from the 
east, and conversely for positive rays. If a large 
part of the radiation is uncharged this effect 
may be missed if observations are made too 
near the magnetic equator. 

Because of the fact that in regions near the 
magnetic equator there is a predominance of rays 
coming nearly horizontally, the absorption by 
the atmosphere may be increased. The small 
southern effect mentioned elsewhere seems to be 
of the second order and could only be computed 
by a more refined calculation. 

Finally, the fact that Compton’s result def- 
initely shows that the cosmic rays contain 
charged particles gives some experimental sup- 
port to the theory of super-radioactive origin of 
the cosmic radiation. In presenting this theory 
one of the present authors’ wrote: “I think that 
a possible test of the theory is that, if I am right, 
cosmic rays cannot be formed uniquely of 
photons, but must contain, like the radioactive 
rays, fast beta-rays and alpha-particles, and even 
new rays of greater masses and charges. I have 
shown that the momenta of such rays must be 
reduced by the expansion (of the universe) in 
about the same ratio as that of photons.” 
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The Wave-Lengths of the Silver, Molybdenum, Copper, Iron and Chromium Ka, Lines 


J. A. BEARDEN, Johns Hopkins University 
(Received November 29, 1932) 


It has been shown that a double crystal spectrometer can 
be used to measure x-ray wave-lengths with a precision as 
great or greater than that obtained by the usual methods. 
The purpose of the present work was to determine the x-ray 
wave-lengths of several important lines by using such a 
spectrometer, and to compare the results with the most 
precise values which have been obtained by other methods. 
From two to five orders have been measured in each case, 
but in the following table only the order which was given 
greatest weight has been listed. The results on the silver 
and molybdenum Ka; lines, which are symmetrical lines, 
agree satisfactorily with the results obtained by the photo- 
graphic methods. The Ka, lines of copper, iron and 











Diffraction Wave-length Wave-length 
Lin Order angle, 18°C dg =3.02945A d,, =3.02810A 
\e Kai 4th 20° 37" a” O.558255A O0.558006A 
Mo Kau 4th 27° 51’ 34.8” 0.707835 0.707520 
Cu Key 2nd 30° 29’ 51.0" 1.537392 1.536707 
Fe Kai 2nd 39° 37° 34.4” 1.932042 1.931181 
57’ 45.34.2” 


2.284974 2.283955 


Cr Key 2nd 48 





chromium which were found to be asymmetrical differ 
considerably from the results of photographic methods. 
Most of the other lines of the copper, iron and chromium K 
series were also found to be asymmetrical. Thus it appears 
that the double crystal spectrometer has a decided advan- 
tage in the measurement of wave-lengths of such lines. 





INTRODUCTION 


HE introduction of the double crystal x-ray 

spectrometer by Bergen Davis and his 
collaborators has given us an ionization method 
of measuring x-ray wave-lengths with great 
precision. It has been shown!':?:* that with a 
suitably designed instrument of this type the 
diffraction angles can be measured to a fraction 
of a second of arc. Thus, the precision of the 
divided circle is one of the principal limitations, 
but this is of course an important limitation 
of most photographic spectrometers. The chief 
advantages of the double crystal spectrometer are 
its high resolving power, and ability to measure 
the peak of an asymmetrical line which is 
difficult to accomplish by the usual photographic 
methods. In the present work the wave-lengths 
of the silver, molybdenum, copper, iron and 
chromium Ka, lines have been measured with a 
high precision double crystal spectrometer, and 
the results compared with the results obtained 
by other methods. 


CORRECTIONS FOR TEMPERATURE AND HEIGHT 
OF SLITS 
The most precise calculation of the correction 


‘A. H. Compton, Rev. Sci. Inst. 2, 365 (1931). 
2 J. A. Bearden, Phys. Rev. 38, 2092 (1931). 
3 J. A. Bearden, Phys. Rev. 41, 399 (1932). 
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that must be applied to reduce all measured 
diffraction angles to a common temperature has 
been made by C. D. and D. Cooksey. They have 
calculated the expansion coethcient of calcite 
perpendicular to the cleavage plane and found a 
value a=1.0210-° cm/°C. The correction to 
the measured angle of diffraction @ is then 
do’’ = 2.10(t—18°C) tan 6, where ¢ is the tempera- 
ture of the crystal at the time of measurement. 
This is an additive correction. 

The correction for the height of the slits has 
been given by Williams’ in the form 


d0.%:. = —[ (a? +0?) /24L*] tan 0, 


where a is the height of one slit, 6 that of the 
other, and L their separation. This correction 
must be subtracted from the measured angle of 
diffraction. 


GRATING CONSTANT OF CALCITE 


In comparing the results of different investi- 
gators it is essential to know what variation in 
the grating constant of the crystals used is to be 
expected. Such a comparison of the grating 
constant of calcite has been made,” the results of 
which are shown in Table I. These values have 
been corrected by 

'C. D. and D. Cooksey, Phys. Rev. 36, 85 (1930). 

* J. H. Williams, Phys. Rev. 40, 636 (1932). 


using the corrections for 
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TABLE I. Comparison of grating constants of calcite. 











Diffraction angle Diffraction 

Origin 4th order of Mo Kay, from mean 
Iceland I 27° 51’ 34.4” —0.4” 
Iceland II 27° 51’ 34.4” —0.4” 
Montana I 27° $i’ 35.0” +0.2” 
Montana II ar on aa.” +0.3’’ 
Argentina a on ae” +0.3” 
Spain 27° 51’ 34.8” 0.0” 

Mean = 27° 51’ 34.8” 0.26” 








temperature and height of slits given above 
instead of those in the original paper. The 
maximum difference in the results of Table I is 
about 1 part in 145,000 and the maximum 
difference from the mean value is about 1 part in 
250,000. 

In the calculation of the true grating constant 
from the structure of the crystal and chemical 
data it is apparent that the greatest errors are 
introduced by the uncertainty in the value of 
Avogadro’s number and the density of the 
crystal. It has been pointed out by the writer? 
that the best value of N is probably obtained 
from the Faraday constant and the charge on 
the electron as obtained by Millikan. This gives 
the value N=6.067 x10" molecules/mole. Tu® 
has recently reported two determinations of the 
density of calcite, and also a determination of the 
density of the crystals used by the writer? has 
been made by the Bureau of Standards. The 
average density of the crystals listed in Table I 
as found by the Bureau of Standards was 
p=2.71027 g/cm* at 20°C, which is to be com- 
pared with p = 2.71026 g/cm’ at 20°C reported by 
the writer.2 The agreement is fortuitous as 
it is exceedingly difficult to make absolute 
density measurements of this type to better than 
1 part in 50,000. The results of Tu® on two 
crystals were p;= 2.71011 g/cm’ at 20°C (cleaved 
crystal); p2=2.71018 g/cm* at 20°C (polished 
crystal). 

Since an imperfection in the crystal will 
probably manifest itself as a lowering of the 
density, the crystals which give higher values of 
density should be given more weight. Thus it 
appears to the writer that the best value of the 
density to be used in calculating the grating 
constant is p= 2.71030 g/cm* at 20°C, which is 
the same as that previously given.” 


® Yuching Tu, Phys. Rev. 40, 662 (1932). 
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Using these values of p and N one obtains for 
the true grating constant d,,=3.02810A at 18°C. 

Many experimenters have used a somewhat 
arbitrary value of d in calculating x-ray wave- 
lengths. The true value of d usually assumed has 
been d,,=3.02945A at 18°C, which corresponds 
to an effective d; =3.02904A for the first order 
diffraction. The difference between the measured 
d,, and the assumed d,, is about one part in 2000. 
In questions of relative wave-lengths it is 
immaterial which value we use, but for absolute 
wave-lengths the measured value is necessary. 
On account of this the wave-lengths in the pres- 
ent report have been calculated for both values. 


APPARATUS AND METHOD 


The apparatus used in the present work was 
essentially the same as that used for the x-ray 
comparison of the grating constant of calcite 
crystals.2, The Coolidge water-cooled tube was 
mounted vertically and in such a manner that the 
targets could be easily replaced without dis- 
turbing the position of the focal spot. The target 
was cut at an angle of 12° with a horizontal plane 
which gave a small effective height of slit for a 
broad focal spot. The current through the tube 
was usually about 20 m.a. The voltage was 
varied from about 27 kv for chromium to 50 
kv for silver. The method’ of placing the first 
crystal on a slide midway between the focal spot 
and second crystal has been continued. Such an 
arrangement, when properly adjusted, allows one 
to change from one wave-length to another very 
rapidly. The ionization chamber which was 4 cm 
in diameter and 8 cm long was filled with methyl 
bromide. The ionization current was measured 
with an F P 54 vacuum tube and galvanometer. 

In the case of symmetrical lines, two methods 
were employed for determining the position of 
the peak of the line. The first method was that of 
plotting the curves as described previously’ and 
taking the average of the angles for positions of 
equal intensity. In the second method the slow 
motion screw was advanced until the intensity as 
shown by the galvanometer deflection was about 
50 percent of the intensity at the peak of the line. 
The readings on the divided circle were recorded 
and then the slow motion screw advanced until a 


7P. A. Ross, Rev. Sci. Inst. 3, 253 (1932). 
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position of equal intensity was found on the 
other side of the peak. The mean angular 
position thus corresponds to the center or peak 
of the line. Five such points were usually re- 
corded for intensities from 50 percent to 95 
percent of the peak intensity. This, essentially, is 
the same as the method above, but is much more 
rapid. 

In the case of the asymmetrical lines the 
method employed is shown graphically in Fig. 1. 





Intensity 














de"— 
Fic. 1. Method of locating peaks of asymmetrical lines. 


The points A”, B”, are mean positions 
between the positions of equal intensity AA’, 
BB’, ---. The intersection of the extrapolated 
smooth curve A” B’C’’D” --- with the ionization 
curve at E has been taken as the peak of the line. 

The + values given in Tables II, IV, VI and 
VIII are the average deviation of the results 
from the mean value. The column headed n 
shows the number of independent results in- 
cluded in the average value given. 


RESULTS 
Silver 
Several sets of measurements were made in all 
orders up to the 5th. The position of the 4th 
order was more carefully determined than any 
other and has been given greater weight in the 
final estimate of the wave-length. A summary of 


TABLE II. Silver Kay line. 











Diffraction Wave-length Wave-length 
Order n angle 18°C d. =3.02945A d,, =3.02810A Weight 
1 15 5° 17’ 14.5+.1" 0.558257A 0.558009A 1 
2 8 10° 37’ 9.74.1" 0.558257 0.558009 2 
3 8 16° 2’ 47.9+.2” 0.558257 0.558008 3 
4 17 21° 37’ 35.5+.2” 0.558254 0.558005 5 
4’ 14 21° 37’ 35.6+.2” 0.558255 0.558006 5 
5’ 9g 27° 25’ 54.9+.3” 0.558256 0.558008 3 
Weighted mean 0.558255 0.558007 
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the results is given in Table II. The x-ray tube 
broke down after the results of 4’ and 5’ had 
been obtained. When the new tube was aligned, 
the 4th order measurements were repeated in 
order to get a comparison of the results after such 
a complete realignment of the apparatus. The 
diffraction angles of Table II are compared with 
those obtained by other experimenters in Table 
III. In the early work of Lang and Leide, the 


TABLE III. Comparison with other observations. 








Order Present work Cooksey's* Kellstrom® Lang® Leide!® 
S$° 17° 14.5” §° 17° 13.8” 5° 17° 15.2°° 5° 17° 13.1° 5° 17° 13.0” 
10° 37’ 9.7’ 10° 37’ 9.8” 

16° 2’ 47.9” 

2° sr a3” 

27° 25’ 54.9”" 





im Whe 








probable error was rather large. Kellstrom’s 
second order result agrees well with the writer’s 
second order result, but the first order results 
differ considerably. From the work on the grating 
constant of calcite above, it would be almost 
impossible to account for the differences observed 
in the first three results of the first order of Table 
III as variations in the crystals used. If one calcu- 
lates the expected first order diffraction from 
the present results of the second, third, fourth 
and fifth orders one obtains @,;=5° 17’ 14.4”, 
which agrees with the measured value. It has 
been pointed out by C. D. and D. Cooksey that 
their results might have been in slight error if 
the beam diffracted by the crystal were not 
perfectly symmetrical. However the tests made 
failed to show an appreciable asymmetry. The 
consistency of the wave-lengths as calculated 
from various orders, and the fact that the double 
crystal spectrometer is free from many of the 
usual difficulties, lead one to believe that the 
present results are probably more precise than 
any previous determination. 


Molybdenum 


The molybdenum Ka; line is apparently a 
symmetrical line, but slightly broader than the 
silver Ka, line. Typical curves for molybdenum 
have already been given.? The results are 
summarized in Table IV. Table V gives a com- 

8G. Kellstrém, Zeits. f. Physik 41, 516 (1927). 


®K. Lang, Ann. d. Physik 75, 489 (1924). 
16 A. Leide, Dissertation, Lund (1925). 
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TABLE IV. Molybdenum Kay line. 








Diffraction 
angle 18°C 


Wave-length Wave-length 


Order 1» d,, =3.02945A d,,,=3.02810A Weight 





1 11 6° 42’ 35.44.2 0.707833A 0.707518A 1 
2 9 13° 30’ 45.6+.2 0.707836 0.707521 2 
3 9 20° 31’ 0.74.2 0.707835 0.707520 3 
4 28 27° 51’ 34.84.2 0.707835 0.707520 5 
5 10 =. 35° 44 29.94.3 0.707834 0.707519 3 
Weighted mean 0.707835 0.707520 








parison of these results with those of recent 
investigators for the same wave-length. 

The present results are 0.1”, 0.7”, and 0.6” 
higher in the first, second and third orders, 
respectively, than those of Larsson’s. The second 
and third order differences are probably of no 


TABLE V. Comparison with other observations. 











Observer ist order 2nd order 3rd order 4th order 
Leide® 6° 42’ 34.3” 
Allison 
and 6° 42’ 33.3” 
Armstrong!" 
Larsson!? 6° 42’ 35.3" 13° 30’ 44.9" 20° 310.1” 


Compton!»§ 6* 42’ 35.9” 27° 51’ 35.0” 
Tut 6° 42’ 35.5” 


Present results 6° 42’ 35.4" 13° 30’ 45.6 20° 31°0.7’ 27° 5i’ 34.8” 








importance, as Larsson apparently made only 
two determinations in each case, which differed 
by about 1’’. There is an appreciable difference 
between Compton’s value of the first order and 
that of the writer. However Tu’s result, which 
was obtained with Compton’s spectrometer, is in 
close agreement with the writer’s value. Thus it 
is probable that the average wave-lengths of 
Table IV are not in error by more than is 
indicated by the variation in the results of the 
different orders. 


Copper and iron 

Fig. 2 shows typical curves for the copper, iron 
and chromium Ka; lines in the (1, +2) order. It 
has been pointed out*® that other lines of these 
series are more asymmetrical than the Ka; lines, 
but these and other lines of the elements from 
copper to chromium will be discussed later in a 
paper by the writer and Mr. C. H. Shaw. It is 
obvious that for such asymmetrical lines the 
usual photographic spectrometer would give 
different results for different lengths of exposures. 
Thus, as the asymmetry becomes greater one 

"'S. K. Allison and A. H. Armstrong, Phys. Rev. 26, 701 


(1925). 
2 A, Larsson, Zeits. f. Physik 41, 507 (1927). 
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Fic. 2. Typical curves for the copper, iron, and chromium 
Kay lines in the (1, +2) order. 


should expect the difference between the results 
of the two methods to become greater. This 
effect is shown by Tables VII, LX and XI. The 
results of the writer for the copper Ka; line are 
shown in Table VI and a comparison as above in 
Table VII. 

The average deviation of the Siegbahn I and II 
results from the mean value was about 1 part in 


TABLE VI. Copper* Key line. 











Diffraction Wave-length Wave-length 
Order n angle 18°C d., =3.02945A d,, =3.02810A Weight 
1 10 14° 42’ 3.54.2” 1.537385A 1.536700A 1 
2 19 30° 29’ 51.0+.2” 1.537392 1.536707 3 
Weighted mean 1.537389 1.536704 








*It has been pointed out above that the preliminary 
results (Phys. Rev. 40, 133 (1932)) were in error because 
of the correction formulae used for temperature and height 
of slits. Also in the case of copper and iron, two numerical 
errors of about 2” each entered, which have been corrected 
in this report. 


TABLE VII. Comparison with other observations. 








2nd order 
30° 29’ 48.2” 


1st order 


14° 42’ 2.8” 
14° 42’ 0.6” 
14° 42’ 1.5” 
14° 42’ 0.3” 
14° 42’ 3.8” 
14° 42’ 3.8” 
14° 42’ 3.5” 


Observer 


Siegbahn I'8 
Siegbahn II" 
Lang? 

Leide'”® 
Siegbahn III% 
Wennerlif'® 
Present results 





30° 29’ 48.2” 








17,000 and 35,000, respectively, whereas he gave 
as a value of the wave-length A; = 1.537358A and 
ho = 1.537302A. His recent result of \ = 1.537396A, 


18M. Siegbahn, Ann. d. Physik 59, 56 (1919). 

144M. Siegbahn, Zeits. f. Physik 9, 68 (1922). 

% M. Siegbahn, Ark. Mat. Astr. O. Fys. 21, No. 21 (1929). 

Ina Wennerléf, Ark. Mat. Astr. O. Fys. 22, No. 8 
(1930). 
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which is in approximate agreement with the 
writer’s results, is quite different from his 
previous values. The difierence between the 
Siegbahn III and Wennerléf results and those of 
the writer may be due to the slight asymmetry 
of the line, but a difference in crystals could also 
account for the results. 


TABLE VIII. Jron Kay line. 








Diffraction Wave-lengch Wave-length 





Order angle 18°C d., =3.02945A d,,=3.02810A Weight 
1 18° 35’ 51.0+.3” 1.932031A 1.931170A 1 
2 39° 37’ 34.4+4.4” 1.932042 1.931181 1 
Weighted mean 1.932036 1.931175 








The results obtained on iron are shown in 
Table VIII and the comparison, with previous 
determinations, in Table IX. 

Larsson’s second order value agrees better 
with the present results than any of the others. 
However, Siegbahn'® apparently disregards this 
value of Larsson’s and uses only the first order 
result in his résumé of the wave-lengths of the 


TABLE IX. Comparison with other observations. 











Observer 1st order 2nd order 
Siegbahn-Dolejsek'’ 18° 36’ 0.7” 
Lang® 18° 36’ 4.0” 
Larsson!” 36° 33 32.3” 39° 37’ 34.8” 
Eriksson!’ 18° 35’ 52.6” 


Present results 18° 35’ 51.0” 39° 37’ 34.4” 








iron K series. It is obvious that in the case of 
the iron Ka, line the asymmetry has made an 
appreciable difference between the results ob- 
tained by the double crystal spectrometer and 
the photographic spectrometer. 


Chromium 


The results on the chromium Ka, line were 
obtained by Mr. C. H. Shaw with the same 
apparatus described above. The shape of the 
line was shown in Fig. 2. The base line of each 
curve was obtained by placing a lead screen in the 
path of the x-rays and the base line of each 


17M. Siegbahn and V. Dolejsek, Zeits. f. Physik 10, 159 
(1922). 

18S. Eriksson, Zeits. f. Physik 48, 360 (1928). 

19M. Siegbahn, Spektroskopie der Rontgenstrahlen, Julius 
Springer (1931). 
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TABLE X. Chromium Ka, line. 











Diffraction Wave-length Wave-length 
Order n angle 18°C d, =3.02945A d,, =3.02810A Weight 
1 10 22° 9 31.74.2”" 2.284956A 2.283938A 1 
2 5 48° 57’ 45.3+.2” 2.284974 2.283955 1 
Weighted mean 2.284965 2.283947 








curve was made to coincide in Fig. 2. Table X 
gives the diffraction angles and wave-lengths 
obtained. 

Table XI gives a comparison of the results 
with those obtained by previous experimenters. 
It will be noted that the first two results in 
Table XI were in almost identical agreement 
whereas the results of Eriksson differ by more 
than 7 seconds of arc from these. Such a large 
difference was probably due to an inaccurate 


TABLE XI. Comparison with other observations. 











Observer lst order 2nd order 





22° 9’ 26.9” 
22° 9’ 27.4” 
27° F 34.$” 
22° 9 31.7” 


Siegbahn-Dolejsek'’ 
Schrér?? 

Eriksson!’ 

Present results 48° 57’ 45.3” 








centering of the effective crystal surface on the 
axis of rotation of the spectrometer in the earlier 
experiments. The use of the Seeman principal 
spectrograph (where the slit is placed between 
the crystal and photographic plate) reduces this 
effect and this probably accounts for the higher 
precision of Eriksson’s results. The asymmetry 
of the line as found in the present results would 
indicate a wave-length, as measured photo- 
graphically, of approximately that found by 
Eriksson. 


CONCLUSION 


In the case of the molybdenum Ka; which is a 
symmetrical line, the agreement between the 
results obtained with a double crystal spectrom- 
eter and the recent results obtained by other 
methods leaves little to be desired. The differ- 
ences observed in the silver Ka, line, for the 
three best determinations, appear to be greater 
than the experimental errors and also greater 
than can be accounted for by crystal imper- 
fections. 


20 J. Schriér, Ann. d. Physik 80, 297 (1926). 
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The results on copper, iron and chromium 
indicate clearly the value of a double crystal 
spectrometer in studies of the shapes, relative 
intensities, and wave-lengths of x-ray lines. In 
the original curves the asymmetry of the copper 
Ka, line is very pronounced and the asymmetry 
of the iron and chromium lines is evident from 
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Fig. 2. It can also be observed that the asym- 
metry is not strictly a function of the atomic 
number. Preliminary results also indicate that 
the asymmetry is not a function of the voltage 
applied to the x-ray tube. However, further work 
on this question is in progress with the use of 
a filtered d.c. source of potential. 








JANUARY 15, 1933 PHYSICA 


L 





REVIEW VOLUME 43 


The Disintegration of Lithium by Protons of High Energy 


M. C. HENDERSON, Depariment of Physics, University of California 
(Received December 10, 1932) 


The results recently obtained by Lawrence, Livingston 
and White have been extended to protons having an energy 
up to 1,125,000 electron-volts. After the rapid increase 
found by Cockroft and Walton at lower voltages the num- 
ber of disintegrations per proton increases above 400,000 
electron-volts proportionally to the 3/2 power of the energy. 
The range of the proton is known to be proportional to the 
same power of the energy. These facts indicate that the 
probability of disintegration of the individual lithium 
nucleus is independent of the energy of the proton above 
400,000 volts. The relative number of disintegrations over 
the whole range from zero to 1,125,000 electron-volts is 
given quite exactly by N=k’ Ve~+/V3 where V is the energy 
of the protons and k’ and a are constants. From 400,000 to 
the upper limit reached this formula is practically indistin- 


guishable from N=k(V*/*— V,*/?) when the experimentally 
determined values of the constants are used. The more com- 
plex formula has theoretical justification and the radius of 
the lithium nucleus as calculated from the experimental 
value of a is about 410-" cm. The cross section effective 
for disintegration seems to be much smaller, with a radius 
of 1.4X10- cm. The actual number of disintegrations is 
half the number of alpha-particles emitted and is equal to 
2.0 disintegrations per 10° protons at 250,000 electron- 
volts; 10.2 disintegrations per 10° protons at 500,000 
electron-volts; 40 disintegrations per 10° protons at 
1,000,000 electron-volts. The results at 500,000 volts are in 
excellent agreement with those of Cockroft and Walton. 
The form of the curve differs slightly and the probable 
causes of this difference are discussed. 





INTRODUCTION 


OCKROFT and Walton! first showed that 

the nuclei of many elements can be dis- 
integrated by protons having energies in some 
cases as low as 100,000 electron-volts. Working 
with lithium 7 they found that two alpha- 
particles with a range of 8.5 cm were the product 
of the disintegration of a single nucleus. The 
mechanism of the disintegration apparently 
involves the capture of the proton. Lawrence, 
Livingston and White? were at once able to 
confirm the fact of disintegration in the case of 
lithium and to extend the data up to protons 
with 710,000 volts energy. The method used by 
them to produce the high energy protons has 
been described in this journal. Through the 
courtesy of Professor Lawrence in placing the 
apparatus at my disposal I have been able to 
extend the results practically to the limit of 
energy attainable with it and to determine more 
accurately the rate of disintegration at all 
energies. 


1 Cockroft and Walton, Proc. Roy. Soc. A137, 229 (1932). 

? Lawrence, Livingston and White, Phys. Rev. 42, 150 
(1932). 

* Lawrence and Livingston, Phys. Rev. 40, 19 (1932). 
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APPARATUS AND METHOD OF EXPERIMENT 


The apparatus devised by Lawrence and 
Livingston* produces the high-speed proton or 
other ion by the repeated acceleration of the ion 
through a relatively small potential drop. The 
proton is produced in a high-frequency alter- 
nating electric field which has at right angles to 
it a strong magnetic field. The magnetic field 
bends the path of the proton into a circle and, if 
the frequency and magnetic field bear the correct 
relationship, the proton returns to the acceler- 
ating electrodes one-half cycle later and receives 
another impulse. The time taken by a particle of 
given e/m to describe a: semicircle in a constant 
magnetic field is independent of the radius of the 
semicircle. Consequently the proton continues to 
describe larger and larger semicircles in phase 
with the electric field and may receive as many as 
300 impulses before passing into the collector. 
The limit of energy attainable with the apparatus 
used in this work is 1,230,000 electron-volts, 
corresponding to a field of 14,000 gauss, a wave- 
length of 14 meters and a final radius of 11.5 cm. 
For further details of the method the original 
paper should be consulted. The only changes 
needed to adapt the apparatus to measure 
atomic disintegrations are some modifications of 








DISINTEGRATION OF LITHIUM 


the Faraday collector and the addition of a 
Geiger counter or other detector for the products 
of disintegration. 

Fig. 1 shows the plan of the accelerating system 
and proton generator. A is the accelerating 
electrode, shaped like an enlarged ‘‘duant”’ or 
half pill box, the potential of which oscillates at 
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Fic. 1. Showing the arrangement of the proton generator, 
Geiger counter, etc. 


high frequency. B is the grounded half of the 
accelerating system. The brass dividing wall B’ 
and the opening of the electrode A are the two 
planes between which the protons are accelerated. 
The filament for producing electrons which in 
turn ionize the hydrogen to form protons is 
shown at F. The magnetic field is perpendicular 
to the plane of the diagram. At D is the deflecting 
electrode which draws the protons out on a 
circular path of larger radius into the Faraday 
box C. The Faraday box is screened from the 
parts at high potential by the screens S, S’, S”. 
At G is the tube containing the Geiger point. 

Two sides of the brass Faraday box have been 
removed and in their place mounted a thin 
aluminum foil, shown dashed in the diagram. 
This foil has a stopping power equivalent to 1.5 
mm of air. Protons entering the box will there- 
fore lose from 35 to 75 kilovolts of energy 
depending on their initial energy.* This loss must 
be applied as a correction to the energy of the 
proton as measured by the wave-length or 
magnetic field. 


‘ Blackett and Lees, Proc. Roy. Soc. A134, 658 (1932). 
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Mounted in the Faraday box are three crystals 
of lithium fluoride, so placed that they intercept 
the whole of the beam of protons. The cross 
section of the beam is quite small, about 1 mm’. 

The products of disintegration, shown by 
Cockroft and Walton to be alpha-particles, were 
recorded by the Geiger point counter, which was 
placed as shown in the diagram. A small platinum 
ball fused on the end of a 0.001 inch platinum 
wire served as “‘point.”” The counter was used at 
atmospheric pressure. Its threshold for gamma- 
rays was about 1500 volts. Counting was in all 
cases carried out at a fixed voltage above this 
threshold. The natural background of the counter 
was about one-half a discharge per minute. The 
same point that Lawrence, Livingston and White 
used was employed throughout the entire work, 
and its characteristics remained constant. No 
counts were obtained more than the natural 
background unless protons were entering the 
Faraday box and the number of counts per 
minute was proportional to the proton current 
at any given energy. The disintegrations were 
observed with proton current ranging up to half a 
millimicroampere at the lowest voltage. At 
higher voltages the yield of alpha-particles was 
too large to be counted unless the current was 
reduced to a tenth or twentieth of that amount. 

The discharges caused by the alpha-particles 
were recorded on a three stage amplifier con- 
nected to a telegraph relay and a Cenco impulse 
counter. The amplifier needed to be well shielded 
from the strong high-frequency radiation of the 
oscillator. Pick-up through the wire leading from 
the counter to the amplifier was most trouble- 
some. It was finally eliminated entirely by 
putting the wire inside a grounded copper braid 
and by placing a five megohm resistance in series 
between the lead wire and the grid of the first 
tube. The high frequency was by-passed to 
ground by the capacity of the braid and the 
impulses at the relay were scarcely reduced at all 
by the five megohms. 

The end of the Geiger counter was closed by a 
brass plate perforated by 24 holes 0.1 inch in 
diameter. The average distance of these holes 
from the lithium fluoride was 2.0 cm. Thus the 
effective solid angle subtended by the counter is 
about 1/40 of the total. The holes in the plate 
were covered internally by a sheet of mica having 
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a stopping power of 2.12 cm of air. At the opening 
in S’’ was another mica screen with a stopping 
power of 3.2 cm. Thus any particle reaching the 
interior of the counter from the lithium must have 
a range of at least 5.32 cm in air, which corre- 
sponds, for protons, to an energy of 1,600,000 
volts. As the maximum that this apparatus can 
produce is 1,200,000 volts, none of the counts can 
have been due to primary protons. Cockroft and 
Walton found that the range of the alpha- 
particles emitted by fluorine is only 2.8 cm, so 
they could not reach the counter. 

To make certain that gamma-rays were not 
causing the counts a check run with protons of 
600,000 volts was made, during which the screen 
in S”’ was replaced by a sheet of aluminum 0.002 
inch thick. This thickness is equivalent to 9.4 cm 
of air, which, plus the mica in the counter, makes 
11.6 cm in the path of any particles. No counts 
were observed at the highest protons currents 
obtainable. It was calculated from this experi- 
ment that if gamma-rays are produced they 
cause less than five counts per minute per 
millimicroampere, not more than 2 percent of the 
whole effect. 

In taking a measurement the proton current to 
the Faraday box, which was measured on an 
electrometer by the method of constant de- 
flection, was kept as steady as possible by 
adjusting the magnetic field to compensate for 
variations in the line voltage and by varying the 
filament emission. At the same time there was 
noted the number of counts recorded by the 
amplifier in a convenient interval. From the 
proton current, the solid angle of the counter and 
the yield of alpha-particles, is readily calculated 
the number of protons required per disinte- 
gration. 


RESULTS 


In Fig. 2 are plotted all the available data on 
the disintegration of lithium by protons. The 
ordinates are the numbers of alpha-particles 
counted by the Geiger counter per minute per 
millimicroampere of proton current. The total 
yield of alpha-particles in all directions is 40 
times as much. All points have been determined 
by counting at least 400 particles. The abscissa 
shows the effective energy of the protons, that 
is the energy as calculated from the wave-length 
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Fic. 2. Showing the number of alpha-particles received 
by the Geiger counter per minute per millimicroampere of 
proton current, plotted against the energy of the protons 
in electron kilovolts. The total production of alpha- 
particles may be obtained by multiplying by 40. The 
theoretical curve is a plot of N=0.0037 Ve-*'V}, V in 
volts. Cockroft and Walton’s figures have been multiplied 
by a constant factor to fit this curve. 


or the magnetic field minus the appropriate 
correction for absorption in the aluminum foil on 
the Faraday box. This correction for absorption 
was not made by Lawrence, Livingston and 
White, so the plotted values differ from their 
published figures. After their work was published 
it was found that the resistance used in the 
electrometer circuit had a considerably higher 
value than that assumed, and their yields were 
therefore higher. This correction has also been 
made. 

For comparison the points obtained by 
Cockroft and Walton! are shown. They have been 
multiplied by a constant factor to make them fal! 
approximately on the curve drawn through the 
data taken in this laboratory. 

The absolute yields,®> or the number of disinte- 
grations per 10° protons, are: 2.0 per 10° protons 
at 250,000 electron-volts; 10.2 per 10° protons at 
500,000 electron-volts; 40 per 10° protons at 
1,000,000 electron-volts. 

Cockroft and Walton’s yields are in excellent 
agreement with these results at 500,000 volts. 
There is a difference at lower voltages but it 
probably lies within experimentai error. For 


5 Because of a slip in calculation, Lawrence, Livingston 
and White’s estimated number of disintegrations is too 
high by a factor of 60. 
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several reasons the agreement is surprising. 
Cockroft and Walton’s proton currents were in 
part made up of the hydrogen molecular ion, 
H.*. They estimate that half their current was 
carried by these ions. They assumed that the 
molecular ion played no part in the disinte- 
gration. As a matter of fact a 500,000 volt H.* 
ion is certainly the same for the purposes of these 
experiments as two 250,000 volt protons. So it 
would be expected that the points obtained by 
Cockroft and Walton at higher voltages should 
show a more rapid rise than those found in this 
work, which were obtained with protons only. 
As may be seen from Fig. 2, or their Fig. 4, this 
expectation is fulfilled. 

The fact that they used lithium metal instead 
of the fluoride would at first sight lead one to 
expect that they should find a higher yield, for 
the following reason. In lithium fluoride there 
are 12 external electrons per lithium nucleus. In 
pure lithium there are but 3. Since the external 
electrons are the only important means for 
absorbing the energy of the protons, a proton 
in its path through a lithium fluoride crystal will 
approach only one quarter as many lithium 
nuclei before being stopped as it would in pure 
lithium. Thus from lithium fluoride there should 
be one quarter as many disintegrations per 
proton. 

It is probable however that the lithium used by 
Cockroft and Walton had absorbed enough 
moisture to turn the surface into lithium hy- 
droxide. A film 0.002 inch thick would be ample 
to absorb the protons. As lithium hydroxide and 
lithium fluoride have almost exactly the same 
number of electrons per gram, the yields found 
by Cockroft and Walton and those found in this 
laboratory should therefore not differ, although 
apparently different substances were used. 

If the surface of the lithium used by them were 
much rougher than the crystal faces used here 
there should be a difference on yield in the 
direction actually found. 


DISCUSSION 


The new determinations show that the increase 
in the number of disintegrations per proton is 
always more rapid than would correspond to a 
linear function of the energy of the protons. Since 
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it is well known that the range of a proton in any 
substance is proportional to the 3/2 power of its 
energy, a curve of the form k( V*/?— V,*”) was 
fitted to the data by least squares. The values 
found were k =0.86 X10-°, Vo = 256,000 electron- 
volts. The fit is excellent above about 400,000 
electron-volts, but as this formula gives values 
from 400,000 to 1,200,000 that are practically 
indistinguishable from those given by another 
one, which will be discussed below, it is not 
plotted separately. 

This excellent fit to a 3/2 power law shows that 
the increase in the yield of disintegrations above 
400,000 volts may be attributed simply to the 
increased range of the protons. In a thick target 
the number of lithium atoms: exposed to the 
protons is of course exactly proportional to the 
distance the protons travel in the target. Ap- 
parently therefore a proton has just as good a 
chance of disintegrating a particular lithium 
atom when it has 400,000 volts of energy as 
when it has 1,000,000. This conclusion could of 
course be better substantiated by experiments 
with a thin target. Work with a larger apparatus 
is in progress in this laboratory to extend the 
curve to still higher energies. 

I am greatly indebted to Professor J. R. 
Oppenheimer for working out from Gamow’s 
theory an approximate formula for the number of 
disintegrations in a thick target as a function 
of V. This formula has the form N=k' Ve-#/"* 
where k’ and a are constants. 

The value of k’ that is obtained theoretically 
can only give a rough estimate of the maximum 
number of disintegrations possible. It is obtained 
by assuming that every particle that penetrates 
the nucleus produces a disintegration. The 
experimental yields are lower than the theoretical 
maximum by a factor between ten and one 
hundred. 

The value of a can be more accurately esti- 
mated. It is a function of the radius r of the 
potential “‘trough”’ inside the nucleus.® It is 
given approximately by a = (2400 — 1.44 10*°7'), 
in units of (electron-volts)’. When r=4X 107%, 
a=1500. 


6A proton with an energy of 1,000,000 electron-volts 
should be able to penetrate the nucleus even according to 
classical theory, since the total height of the barrier is only 
about 1,000,000 volts. 
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In Fig. 2 the curve drawn through the experi- 
mental points is a plot of the theoretical formula 
with a taken as 1600 and k’ as 0.0037. These 
values of the constants were determined by 
trial, but a least squares solution gave essentially 
the same values. The corresponding value of the 
radius of the potential trough is about 4x 10-" 
cm. Greater accuracy than this is not justified by 
the present state of the theory. This value is in 
good accord with the determination from scat- 
tering experiments of the ‘‘radius”’ of the helium 
nucleus, that is the distance within which the 
inverse square law of repulsion no longer holds. 

It happens that, for the numerical values of the 
constants that best fit the data, the curves 
plotted from the two theoretical formulas 
practically coincide over the range from 400,000 
to 1,200,000 electron-volts. The exponential form 
of course fits better from zero to 400,000. 

In physical terms we can explain the depend- 
ence of the yield of disintegrations on the energy 
of the proton in terms of two things: an effectively 
constant cross section of the nucleus and a 
probability that the proton will enter the nucleus 
if it hits within that area. The product of the 
cross section and the probability of entrance 
should be proportional to the probability of dis- 
integration. If the probability of entering the 
nucleus increases from zero to approximately 





HENDERSON 


unity in the region from 100,000 to 400,000 
electron-volts, this increase would account for 
the initial rise in the curve. After reaching unity 
the probability can increase no more and the 
observed increase in the number of disintegra- 
tions is simply due to the larger number of 
lithium atoms that are exposed to bombardment. 

The effective cross section just discussed can 
be readily calculated from the existing experi- 
mental data. A 1,000,000 volt proton travels 
1.56 cm in air at N.T.P. in losing 500,000 electron 
volts. Converted to terms of lithium fluoride 
this corresponds to passage through a layer 
containing 5X10'* atoms of lithium per square 
centimeter. From this datum and the experi- 
mental fact that from such a layer 30 disinte- 
grations are observed per 10° protons, may be 
calculated the cross section: 6X10-*8 cm’, or a 
radius of 1.410~-'* cm. Since the radius of the 
potential trough is about 4X 10-" cm, it appears 
that very few of the protons that penetrate the 
nucleus produce disintegration. 

I am greatly indebted to Professor E. O. 
Lawrence for placing the apparatus at my 
disposal and for many valuable discussions. 
Professor J. R. Oppenheimer provided the theo- 
retical formula and has been most helpful. My 
predecessors in work with the same apparatus 
have each contributed something and I desire to 
thank them collectively. 
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Comparison of the Masses of He and H’' on a Mass-Spectrograph' 


K. T. BatnsripGe, Bartol Research Foundation of the Franklin Institute 
(Received December 8, 1932) 


The ratio of the masses of He and H' was measured 
by comparison of He** with H,'* on fourteen spectra, and 
ihe measurements give He : H!'=3.971283+0.000042. If 
He = 4.00216 +0.00013 on the O'* scale as given by Aston, 


STON? has pointed out the difficulties and 
advantages encountered in comparing the 
mass of helium with that of the light hydrogen 
isotope by measurement of the separation of the 
components of the He*+ —H,!* doublet, and has 
recommended this method as the most direct and 
trustworthy for the determination of the He : H! 
ratio, so important in nuclear physics. 


EXPERIMENTAL PROCEDURE 


Fortunately with the present mass-spectro- 
graph* + it is not essential to obtain traces of 
identical density. Because of the difficulty in 
securing He** on the first trial spectra photo- 
graphed it was found necessary, however, to 
decrease the amount of hydrogen present in the 
discharge. ‘“‘Pure’’ helium, which evidently con- 
tained some hydrogen, was mixed with oxygen, 
and before admission to the discharge tube, the 
mixture was passed over hot tantalum filaments 
and then over spongy palladium at the tempera- 
ture of liquid air. The tantalum was used to 
absorb any hydrogen present which did not 
combine with the oxygen in the presence of the 
hot filaments. It was hoped that the greater part 
of any remaining hydrogen would be adsorbed by 
the palladium. 

Fig. 1, spectra A and B, is a contact print of 
sixteen spectra of Het+—H,!*. The spectra were 
taken with one minute exposures. As may be 

' This paper was presented before the American Physical 
Society at the Atlantic City meeting, December 28, 1932. 

°F. W. Aston, Nature 130, 21 (1932), Isotopes, p. 70, 
second edition. 

*K. T. Bainbridge, Phys. Rev. 42, 7 (1932). 

*K. T. Bainbridge, Phys. Rev. 40, 130 (1932), and a 


paper shortly to appear in the Journal of the Franklin 
Institute. 


then H! = 1.007775 +0.000035 in excellent agreement with 
the value 1.00778 reported by Aston. A method is suggested 
for the determination of the mass of H® in terms of He 
and C, 


noted H,'* is still present in abundance compared 
with the less easily obtainable He+*. The H,' had 
its source either in a minute amount of water 
released from the walls and glass of the discharge 
tube even after the most careful baking and 
washing out, or in the failure of the tantalum and 
palladium to clean up the hydrogen present 
initially in the helium. 

The spectra were measured directly on a 
Gaertner comparator. The separation of Het* 
—H,!* was also measured for all the spectra on a 
Koch-Goos recording microphotometer at a ratio 
of record distance to plate distance of approxi- 
mately 40 to 1. The densitometer records also 
serve to detect any possible distortion of the 
traces which might result from overlapping or 
might be produced by the Eberhard and 
Kostinsky effects.2 As the traces were well 
separated no distortion was present. The meas- 
urements by both methods were in excellent 
agreement with a difference in the averages in 
measuring the separation of the traces of one 
part in 2000, equivalent to 0.000007 mass units.°® 

The separation of the Het* — H,!* doublets for 

°F. E. Ross, Astrophys. J. 53, 349 (1921). Photography 
as a Scientific Implement, pp. 200, 201. 

° The densitometer measurements were taken as the most 
reliable because, although the comparator measurements 
were more consistent internally, there is a possibility of 
systematic subjective influences in the comparator measure- 
ments. With a comparator, the cross hair is moved to what 
is estimated as the center of a line, an operation which may 
be performed with a high degree of accuracy on single lines. 
If one other line is viewed in the microscope at the same 
time, as in the case of measuring doublets, it is not known 
whether or not the influence of that adjacent line interferes 
with the bisection of the line being measured. If an effect 
exists it is believed that it would tend to make the meas- 
ured separation less than the actual separation by a small 
amount. 


103 








104 ro 


ti? 


t 


i 
is 


a 





BAINBRIDGE 


Het’ —H.,! doublet 





ear 


KO 


C g 
H,'+ Het 


lle —H,!' doublet 


Helium hydride* 


HeH!' 


Fic. 1. Contact print of sixteen spectra of He** and H,'*. 


fourteen spectra is given in Table I in mass 
units referred for convenience to H'= 1.007780. 

The average mass separation H,.'+—He** is 
0.014470+0.000020. The dispersion of the plate 
in the region of the doublets was determined from 
spectra of carbon and its hydrides. The dispersion 
was determined to better than one part in 2000 so 


TABLE I. Mass separation of He**—H,'* doublets on 
IT' = 1.007780 scale. 








Spectra‘ Spectra 
A3 0.014408 Al0 0.014372 
4 464 Bl 500 
5 435 2 660 
6 544 3 566 
7 546 4 363 
8 530 5 566 
9 408 6 223 





that if the measurement of the separation of the 
doublets could be made without error it would 
be possible to determine, with an accuracy of one 
part in 280,000 the mass of He** referred to 
H,'*, Any error introduced by the uncertainty in 
the dispersion would be less than 0.000007 mass 
units. When the uncertainty in the dispersion is 
included the probable error becomes +0.000021 
mass units. 
RESULTs 


The ratio of the mass of He to the mass 





7 The top spectrum of A is number 10. Nos. 1 and 2 were 
not measured. The top spectrum of B is No. 6. The re- 
production is natural size. The sharp lines on the left are 
used to mark the position of the plate. 


of H'!=3.971283+0.000042. If He=4.00216 
+0.00013 on the O'® scale, as given by Aston’: ® 
then by these measurements H!=1.007775 
+0.000035, a value in excellent agreement with 
Aston’s which had been obtained on a different 
mass-spectrograph by a different method. Finally 
for convenience in comparison with figures 
already familiar, if H! is taken as 1.007780, 
He = 4.002180 +0.000042 referred to H' alone. 

The present measurement of the He : H ratio 
makes it improbable’ that Aston’s He : H ratio 
might be in error by 0.9X10-* and indirectly 
that Aston’s determination of the mass of He by 
means of the ratios Het : O** : : C** : Ct could 
be in error by 1.8107". 

H' may conveniently be used as a common 
reference mass for the comparison of values of 
the mass of H? derived from different experi- 
ments. The mass-spectrograph value’® of the mass 
of H?® is raised and the band spectrum value'! 
decreased by one part in 2 10° when referred to 
the present value of H!'. 


*F. W. Aston, Proc. Roy. Soc. A115, 487 (1927). 

'The probable errors of Aston’s mass determinations 
are taken as one-third of the published limits of error unless 
otherwise noted. This convention has been used before for 
the purposes of calculation by J. Chadwick, J. E. R. Con- 
stable and E. C. Pollard, Proc. Roy. Soc. A136, 480 (1931). 
K. Bainbridge, reference 3, p. 5. J. Chadwick has also used 
the factor 1/4, Proc. Roy. Soc. A136, 702 (1932). 

Reference 3, p. 10. 

J. D. Hardy, E. F. Barker and D. M. Dennison, Phys. 
Rev. 42, 279 (1932). 
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A SUGGESTED NEw METHOD FOR THE MEASURE- 
MENT OF THE MaAss oF H? witH RESPECT 
To HE AND C 


Spectrum” C, Fig. 1, shows the presence of He 
H* and suggests that when more concentrated 
H? is available the mass of H? may be measured 
by comparison of HeH*+ with C++. The two 
traces would differ in mass by approximately one 
part in 430, a difference greater than the pro- 
portional separation of O'® and CH,', a doublet 
which has been measured by Aston.’ 

The author is pleased to acknowledge the 
support of Dr. W. F. G. Swann in this work and 


wishes to thank Professor John A. Miller and the 
members of the staff of the Swarthmore College 
Observatory for their generous permission to use 
their measuring instruments. 


2 Spectrum C provides an interesting example of the 
linearity of the mass-scale and an alternative method of 
measuring He : H. The ratio He : H may be measured from 
the reproduction to an accuracy of about one part in 500 
if the positions of the lines H;'+, He* and HeH'* are meas- 
ured to 0.1 mm. In general the dimensions of the velox 
prints from which the reproductions are made are some 
1 percent less in linear dimensions than the original spec- 
trum plates. In this case the shrinkage was uniform. 
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Some Factors Affecting Action Cross Section for Collisions of the Second Kind 
between Atoms and Ions 


O. S. DUFFENDACK AND K. THomson, University of Michigan 
(Received November 10, 1932) 


Enhancement of spark lines of Ag, Au, Al and Cu in 
neon and helium arcs.—Experiments are described in 
which the relative probability of the excitation of terms in 
the spark spectra of metals by impacts of the second kind 
with ions of helium and neon was determined as a function 
of the resonance discrepancy. The enhancement of certain 
levels excited by collisions of the second kind relative to 
their excitation in a condensed spark or an arc was taken as 
a measure of the probability of the excitation in a collision 
of the second kind. The results show a definite resonance 


effect but sufficient data have not yet been obtained to 
determine with certainty an empirical formula. The experi- 
ments show that, besides resonance discrepancy, the type 
of level being excited is an important factor in determining 
the probability of excitation. For excitation by helium and 
neon ions, triplet levels are strongly preferred over singlet 
levels in the case of several metals investigated. This 
preference is not that sort which is predicted by the 
Wigner rule. 





I. INTRODUCTION 


HE term “collision of the second kind” 

was introduced in 1921 by Klein and 
Rosseland.'! They showed from a consideration 
of thermal equilibrium that if ionizing and 
exciting collisions of electrons with atoms were 
possible, the reverse collision, in which the 
excitation energy of the atom was given to the 
electron in the form of kinetic energy, must also 
be possible. This idea was extended by Franck? 
and his coworkers, who showed that collisions 
also occurred between excited and unexcited 
atoms in which the excitation energy was trans- 
ferred from one to the other. These are also 
included in the term ‘‘collisions of the second 
kind.”” Thus we may define a collision of the 
second kind as a collision between an excited 
or ionized atom or molecule and a_ second 
particle, in which the energy of excitation or 
ionization of the first particle is transferred to 
the second particle. 

On the basis of this definition we may classify 
collisions of the second kind as follows: (1) 
Collisions between excited atoms and electrons, 
in which the excitation energy goes into kinetic 
energy of the electron. (2) Collisions between 
excited atoms and normal atoms, in which the 
excitation energy is transferred from one atom to 
the other, the difference going into kinetic 

1 Klein und Rosseland, Zeits. f. Physik 4, 46 (1921). 


? Franck, Zeits. f. Physik 9, 259 (1922). Cario and Franck, 
Zeits. f. Physik 17, 202 (1923). 


energy. (3) Collisions between excited atoms and 
normal atoms, in which the second atom is ionized, 
or ionized and excited, while the first returns to 
normal. This leaves a free electron after the 
collision. (4) Collisions between ions and normal 
atoms, in which the ion returns to a normal 
atom and the normal atom is ionized or ionized 
and excited. This involves the transference of 
an electron as well as energy. 

In every case where the word atom is used 
above, ‘“‘atom or molecule” is to be understood. 
In general, the states of excitation before and 
after a collision will not involve exactly the same 
amounts of energy. The difference, called the 
energy discrepancy, will come from, or go into, 
kinetic energy of the colliding particles. 

The present paper deals only with the fourth 
of the above classes. The ions used were helium 
or neon ions, and the normal atoms were metals. 
In every case, the metallic atom was ionized, 
and its spark spectrum excited. An attempt has 
been made to determine the relation between 
energy discrepancy and the probability of exci- 
tation of a given level, as well as the importance 
of other factors affecting the probability. 

Theoretical consideration has been given this 
problem by a number of authors.* The theo- 





’ Kallman und London, Zeits. f. physik. Chem. 2B, 220 
(1929). Morse and Stueckelberg, Ann. d. Physik 9, 579 
(1931). Frenkel, Zeits. f. Physik 58, 794 (1929). Rice, 
Proc. Nat. Acad. Sci. 17, 34 (1931); Phys. Rev. 38, 1934 
(1931). Landau, Zeits. Sow. 1, 88 (1932). London, Zeits. f. 
Physik 74, 143 (1932). 
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retical results are expressed in terms of an action 
cross section which is defined by the equation: 
g= 20) °r-p(r)-dr, where qg is the action cross 
section, r the distance of closest approach of the 
two particles, p(r) the probability that the 
transfer of energy will take place when the 
particles approach to that distance. 

Most of the theoretical investigations have 
been concerned with the relation between energy 
discrepancy and the probability of collision. 
Thus, Kallmann and London find that the 
action cross section is proportional to 1/0?” 
where o is the energy discrepancy. This treat- 
ment was applied to the second class of collisions 
listed, and did not include the effect of the 
kinetic energy of the colliding particles, although 
the authors pointed out the importance of this 
factor. Morse and Stueckelberg included the 
kinetic energy in their treatment and arrived at 
a more complicated expression. _ 

Wigner* has shown from symmetry considera- 
tions that certain types of levels may be preferred 
over others. His considerations apply particu- 
larly to collisions of the second type listed above. 
They do not apply to those considered in the 
present paper. 


II. EXPERIMENTAL METHOD 


The experimental method has consisted in 
comparing the intensities of lines representing 
transitions from spark levels when these levels 
were excited by collisions of the second kind, 
with the intensities of the same levels excited by 
electronic collisions. The method of excitation 
by collisions of the second kind was that used 
by Duffendack and Black.5 The metal whose 
spectrum was to be examined was placed inside 
a tungsten resistance furnace in a_ tungsten 
trough. The furnace consisted of a tube of 
tungsten sheet about 2 cm in diameter and 9 cm 
long. A tungsten filament ran along the axis of 
this tube, and a low-voltage arc was run from 
the filament to the walls of the furnace. The 
whole furnace was enclosed in a vacuum tight 
case into which the rare gas, whose ions provided 
the excitation, could be introduced at the desired 
pressure. The low-voltage arc was thus run in 





* Wigner, Nachr. Gitting. Ges., p. 375, 1927. 
5 Duffendack and Black, Phys. Rev. 34, 35 (1929). 
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a mixture of rare gas and metallic vapor. It 
was found that the spark spectra of the metals 
used were not excited in this type of discharge 
when the pure metal vapor was used, so it was 
considered safe to assume that the excitation of 
the higher spark levels was entirely due to 
collisions of the second kind. 

A condensed spark in air between electrodes 
of the metal being investigated was used as a 
“normal” source. The field in the spark is high 
and thus the electronic energies should be far 
enough above the levels to be excited to give a 
“normal” distribution. In the case of copper 
it was found that the relative intensities of all 
the lines coming from a group of levels situated 
within a quarter of a volt of each other had the 
same intensity, within the errors of measure- 
ment, in the spectrum of an arc in air as they 
had in the condensed spark in either air or 
hydrogen. The relative intensities of lines coming 
from more widely separated levels was quite 
different, however. Since the levels excited by 
collisions of the second kind lie quite close 
together, the relative intensity of the lines 
coming from them probably would not be much 
affected by the spark voltage. The method of 
measuring intensities was that described by 
Thomson and Duffendack.® 


ITT. 


The first excitation studied was that of the 
copper spark spectrum by neon ions, which has 
been previously reported by Duffendack and 
Black® and by Frerichs.’ The copper spark 
spectrum has four levels whose energies (meas- 
ured from the normal atom) lie just below the 
neon ionization potential. The differences be- 
tween these energies and the neon ionization 
energy is given in Table I under the heading 
“energy discrepancy.’’ The table contains a list 
of lines from these levels, with their relative 
intensities in the low-voltage arc in neon, and in 
the arc or spark in air. The ratio of these in- 
tensities is given as “enhancement.” The 
intensity of the 2544.96 line was arbitrarily given 
the same value in the two discharges. 

Fig. 1 shows, graphically, the relation between 


6 Thomson and Duffendack, Phys. Rev. 40, 1042 (1932); 
J. Op. Soc. Am. (In print.) 
7 Frerichs, Ann. d. Physik 85, 362 (1928). 
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TABLE I. Copper spark lines enhanced in the neon arc. 




















Normal _Inten- En- Energy 
Initial inten-  sityin  hance- discrepancy 
Line level sity neon ment (volts) 

2526.73 (d°s)®D; 2.2 22 1.0 0.40 
2544.96 10.0 10.0 1.0 

2689.46 4.7 4.7 1.0 

Average 1.0 

2506.41 (d’s)'D. 6.9 19.7 2.8 0.36 
2598.96 2.8 7.4 2.6 

2666.44 1.8 4.4 2.4 

2713.66 4.7 13.3 2.8 

Average a 
2485.95 (d%s)'D, 4.3 57 13.2 0.16 
2590.68 2.1 32 15.2 

2703.34 3.8 5 15.0 

2721.84 1.9 27 14.7 

Average 14.6 
2529.48 (d%s)'D, 4.2 40 9.5 0.12 
2600.43 4.4 44 10.0 

2701.12 4.8 48 10.0 

2718.96 3.8 35 9.2 

Average 9.7 








the enhancement of the d*s levels of the copper 
ion and the energy discrepancy for excitation by 
neon ions. It will be noted that the points for 
the triplet levels lie on a smooth curve. But 
the point for the singlet level does not fall on 
this curve. Despite the fact that the energy 
discrepancy for this level is less than for any of 
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Fic. 1. Curve showing the relation bet ween the relative 
enhancement of the d°s copper levels and the energy dis- 
crepancy with neon ions. 


the triplet levels, its enhancement is less than 
that of the *D, level. If the enhancement of the 
singlet level had been consistent with that of 
the triplet levels, it would have had an enhance- 
ment of about 18.5 instead of 9.7. Thus, there 
seems to have been a definite preference for the 
triplet levels in the collisions between neon ions 
and copper atoms. Similar preferences were 
exhibited in the excitation of levels in the spark 
spectra of gold and aluminum by helium and 
neon ions and will be discussed later. 
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The corresponding set of levels for the gold 
spark spectrum falls just below the helium 
ionization potential. A study of the enhancement 
of these levels was also made. The analysis of 
the gold spectrum used was that given by 
McLennan and McLay,? with the low term given 
by Sawyer and Thomson.’ The results obtained 
are given in Table II. The 2995 line was given 
the same intensity value in the two discharges. 
The wide discrepancy in the value of the enhance- 
ment of the 2822.90 line from the last level in 
Table II is typical of a tendency toward an 


TABLE II. Gold spark lines enhanced in the helium arc. 











Inten- Inten- En- Energy 
Initial sityin sityin hance- discrepancy 
Line level spark helium ment (volts) 
2995.00 (d°7s)8D; 4.4 4.4 1.0 1.92 
2802.20 8.8 10.0 1.1 
2954.43 3D, 3.3 1.8 0.54 1.87 
2838.03 3.0 1.6 0.53 
2918.40 3D, 1.2 31 26 0.37 
2847.09 1.35 36 27 
2616.56 0.83 19 23 
2893.41 ‘ID, 1.8 36 20 0.33 
2822.70 3.5 96 27 
1.1 22 20 


2533.69 


“over enhancement” of very strong lines. The 
error is probably in the experimental measure- 
ments. The preference for the *D, level over the 
'D. in spite of its greater energy discrepancy 
may be noted from the relative enhancements. 
The aluminum spark spectrum has a number 
of levels in close resonance with the neon ion- 
ization potential, the excitation of which has 
been reported by Frerichs.? Thble III contains 
a list of the results obtained by the writers for 
this case. A value of the enhancement of the 














Inten- Inten- En- Energy 
Initial sityin  sityin  hance- discrepancy 
Line level spark neon ment (volts) 
2475.26 5'P 0.55 6.7 12.2 0.022 
3315 53P 0.00 15.8 >30 0.003 
2631.55 4'F 10.0 10.0 1.0 0.27 
3587 45F 46 121 2.6 0.28 





8 McLennan and McLay, Trans. Roy. Soc. Can. 22, 103 
(1928). 
* Sawyer and Thomson, Phys. Rev. 38, 2293 (1931). 
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group of 5'°P levels could not be obtained since 
the group of lines at 3315 did not appear in the 
spark. However, the line 2475 did appear with 
an intensity, on the scale used, of 0.55, so that 
the intensity of 3315 must be less than 0.5. 
Thus the enhancement of this group must be 
greater than 30. The greater enhancement of 
the 4°F level than the 4'F of practically the same 
energy discrepancy is another example of a 
preference for triplet over singlet levels. 

The excitation of the silver spark spectrum by 
helium ions was also studied. In the spark 
spectrum of silver, as analyzed by Shenstone,'? 
there are twenty-two levels lying between one- 
half volt and two volts below the ionization 
potential of helium. Four of these belong to the 
d°6s configuration and the others to the d%5d 
configuration. Only five of the latter were 
studied, however, as the others gave lines too far 
in the ultraviolet for intensity measurements. 
Table IV contains the results obtained. Table V 
gives results obtained with lines from some of 
the lower silver spark levels. These lines repre- 
sent transitions to the d°5s group of levels, which 
are metastable. The results clearly show the 
effect of absorption by the metastable atoms in 
the spark. 

Weare as yet unable to explain the surprisingly 
large enhancement of the d%6s levels of silver as 
shown in Table IV. It was at first thought that 
the anomalous resulis were caused by the fact 
that these levels were not being directly excited, 
but were filled by transitions down from the 
d°6p group, which was found to be strongly 
excited on account of its close resonance with 
the helium ionization potential. The lines cor- 
responding to these transitions would lie in the 
far red and near infrared regions. A search 
failed to show any trace of such lines in the 
spectrum of the hollow cathode discharge, 
although the ultraviolet lines corresponding to 
d°*6p—d*5s transitions were very strong. Thus 
these transitions could not explain the abnormal 
population of the d%6s levels. It might be noted 
however that the actual excitation of these levels 
was much weaker than that of the levels excited 
in copper, gold or aluminum, as exposures of 
two to five minutes were found necessary to 
bring out the silver lines, while five to fifteen 


7 10 Shenstone, Phys. Rev. 31, 317 (1928). 
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TABLE IV. Silver spark lines enhanced in the helium arc. 





Inten- Inten- 


En- 








Energy 
Initial sityin sityin hance- discrepancy 
Line level spark helium ment (volts) 

2934.24 (d%6s)'D; 4.5 102 22.7 2.06 
2712.07 7.4 176 23.8 

2606.14 1.8 39 21.7 

2477.25 4.6 93 20.2 

2938.55 (d%6s)'D. 1.8 27 15.0 2.01 
2902.09 1.9 31 16.3 

2799.70 3.2 53 16.5 

2681.38 2.4 38 15.8 

2580.77 4.6 79 17.2 

2920.07 (d%6s)3D, 1.3 9.0 6.9 1.49 
2873.62 2.1 15.0 7.0 

2614.56 1.9 12.6 6.6 

2504.11 1.4 8.6 6.1 

2896.50 (d%6s)'D, 2.4 14.7 6.1 1.46 
2815.57 2.0 12.6 6.3 

2756.48 4.1 25.5 6.2 

2453.31 (d°%5d)8D; 5.5 16.0 2.9 1.23 
2444.22 1D, 3.2 18.3 5.7 0.67 
2429.65 3F, 7.3 25 3.4 1.18 
2390.58 °F, 2.7 31 11.5 0.62 
2420.11 1F; 5.1 


56 11.0 


0.62 








seconds were sufficient for the other metals. 

An attempt was made to excite the 'Ds, 'F;, 
and 'P, levels of the d°6p configuration of gold 
with neon ions, the energy discrepancies in this 
case being 1.59, 1.69 and 2.19 volts, respectively. 
None of the lines from these levels were excited 
in neon. Hence it was concluded that the 
probability of excitation of levels with such great 
energy discrepancies must be very small, too 
small to account for the strong excitation of the 
d°6s configuration of Agt by helium ions. It 
will be noted from Table II that the d*7s *D, 
level is more enhanced than is the *D, of less 
energy discrepancy. This is another instance of 
anomalous results with levels of large. energy 
discrepancy. 


TABLE V. Silver spark lines enhanced in the helium arc. The 
effect of absorption of *D lines in the spark is evident. 











Upper Lower Intensity Intensity Apparent 
Line level level inspark inhelium enhancement 
2929.37 5p*P2 5s'D, 2.9 4.2 1.4 
2437.81 5s°D; 17.8 128 7.2 
2767.54 Sp'F; 5s'D» 7.1 11.0 1.5 
2413.23 5s°D» 15.9 84 5.3 
2660.49 5Sp'*P, 5s'D: 4.1 4.7 i.3 
2506.63 5s°D, 6.3 9.4 1.5 
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The results obtained with the lower spark 
levels of silver, Table V, are interesting, as they 
show that any considerable amount of absorption 
by a particular level will appear in the results. 
Thus the relatively greater enhancement of lines 
ending in the lower *D levels, particularly the 
3D; and *D, levels, than lines from the same 
upper level ending in the higher 'D level is due 
to the absorption of lines ending in the *D 
levels in the spark. The explanation of these 
results must be that there is a higher population 
of the metastable levels in the condensed spark 
than in the low-voltage arc. If we assume that 
the population in the arc is so low that absorption 
in the arc may be neglected, we can obtain a 
value for the temperature of the spark, from the 
relative absorption by the different levels. We 
have ,/n2= (g:/go)e“2-£/*T where n; and m2 are 
the populations of two states, E,; and E2 are the 
energies of these states, and g; and g. their 
respective statistical weights. Using the *D; and 
8D, levels and adjusting for the small difference 
in the two ratios for the 'D». level, we get 
T= 13,000°K. The weights used in this calcu- 
lation were 2j7+1. Using the *D,. and *D, levels, 
we get 7=8000°K. These values are not very 
close, but are of the same order of magnitude. 
The populations of the *D, and *D; levels appear 
from the results to be very nearly proportional 
to their statistical weights, which gives T= ~. 
These levels are close together, however, so that 
a small change in the ratio would make a large 
change in the value obtained for the temperature. 

In addition to the levels given above, a number 
of new levels of the silver spark spectrum were 
found to be enhanced by helium. These belong 
to the (d°6p) configuration, and lie close to the 
helium ionization potential. The lines are all in 
the far ultraviolet, and were photographed with 
a one meter vacuum grating from a_ hollow 
cathode source. A considerable number of lines 
were found which seemed to belong to this group, 
but their classification has not been completed. 
Table VI gives a few of the levels, which were 
tentatively identified. The three terms given in 
the table are the only ones which will combine 
with the low d'® term. There should be nine 
others combining with the terms of the d°%5s 
configuration, and the observed lines which have 
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TABLE VI. New levels in silver spark spectrum. 








(d°6p) 
132,835 136,831 137,221 
3p—. 
(d°5s) 39,164 
8D» T= 6 I = 1 ————— 
40,741 92,096 96,083 
3p, —_—- Coincides with I=3 
43,739 2 <537.12(He) 93,486 
'Ds [=7 I=2 —- 
46,045 86,790 90,787 
(d'°) 1S [=8 I=6 I=1 
0.0 | =. 132,835 137,221 





136,831 





not been analyzed will probably account for 
most of these levels. 

A similar set of levels has also been observed 
in the gold spark spectrum, with lines in the 
same wave-length region. These levels belong 
to the d°7p configuration. The analysis has not 
been completed as yet, but enough of the 
expected frequency differences have been ob- 
served to show definitely that this configuration 
is involved. The levels lie very close to the 
helium ionization potential. 


IV. GENERAL DIscCUssION 

It has been assumed in this investigation that 
the mean life of the states excited by impacts 
of the second kind is so short that the relative 
intensities of the lines gave us the relative 
numbers of atoms originally excited to the 
various levels. If this is not the case in any 
instance, and the time is sufficient for some kind 
of distribution, as, for example, a Maxwell- 
Boltzmann distribution, to .be effected, the 
analysis followed in this paper is not valid for 
that case. 

In this work, an attempt has been made to 
find the importance of various factors affecting 
the action cross section for collisions of the 
second kind between rare gas ions and metallic 
atoms. No attempt has been made to compare 
the results of collisions between different types 
of atoms, but the relative cross section for the 
excitation of different levels of the same atom 
has been studied. The original aim of the 


investigation was to find the relation between 
energy discrepancy and action cross section, but 











COLLISIONS OF THE SECOND KIND 


the results indicate that other factors are also 
very important. Thus, in the cases of copper, 
gold and aluminum, where both singlet and 
triplet levels are strongly excited, there seems 
to be a preference for the triplet levels. This 
preference is most strongly marked in the lighter 
elements, copper and aluminum, but it is also 
quite apparent in gold. 

This effect is not the one predicted by Wigner* 
although it bears some resemblance to it. From 
symmetry considerations, Wigner predicted that 
there should be a tendency for the conservation 
of electron spin in collisions of the second kind. 
The rule which results from this may be ex- 
pressed as follows. Let m be the number of 
electrons belonging to the first particle before 
the collision and mz the number belonging to the 
second. Some of these will be paired so that 
their spins cancel. Let 2; and z2 be the respective 
numbers of such electron pairs. Then the 
multiplicity of the state of the first particle before 
the collision will be given by m,—22,+1 with a 
similar expression for the second particle. 
Wigner’s rule states that the total number of 
pairs in the two particles after the collision is 
likely to have a value between 2,+22 and the 
smaller of the two numbers m,+2.—2; and 
N2+2,;— 22. If we apply this rule to the case of 
the collisions between copper atoms and neon 
ions, we have the following data: m, (for copper) 
= 29; z,=14 since the low term of the copper 
atom is a doublet term. m2 (neon ion)=9, 2.= 4. 
Applying the rule we find that the total number 
of pairs after the collision should lie between 18 
and 19 (these numbers are included in the range). 
After the collision, the neon returns to its 
normal state, and the copper is ionized and 
excited. Since the neon contains five pairs in its 
normal state we should expect either thirteen or 
fourteen pairs in the copper ion. Thirteen pairs 
leave two unpaired electrons, or a multiplicity 
of three, fourteen pairs leave none unpaired, or 
a multiplicity of one. Thus Wigner’s rule offers 
no choice between the singlet and triplet levels. 
A case in which Wigner’s rule does apply has 
been discussed by Beutler and Eisenschimmel," 
who found that the rule was supported by 
experimental results. 


11 Beutler und Eisenschimmel, Zeits. f. physik. Chem. 10B, 
89 (1930). 
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energy discrepancy. 


The experimental results are not sufficient as 
yet to justify any attempt to formulate a relation 
between energy discrepancy and action cross 
section. Fig. 2 shows a graph between energy 
discrepancy and enhancement for the three 
triplet levels of copper and the two singlet levels 
of aluminum. The measurements on other levels 
cannot be included in this graph because they 
are individual cases; there are no levels with 
which they can be compared. The assumption 
has been made in drawing this graph that the 
law for singlet levels is the same as that for 
triplet levels, except for a constant factor. The 
experimental results are compared with the 
formula given by Kallman and London* though 
their theory was not formulated for the type of 
impacts here investigated, and with the formula 
q=ae~*" where o= energy discrepancy in electron 
volts, and a= 10. 

In conclusion the authors wish to thank 
Professor G. E. Uhlenbeck for his interest in the 
problem, and a great deal of valuable advice, 
and Professor R. A. Sawyer for his assistance 
in the work with the vacuum grating spectro- 
graph. 
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Elastic Scattering of Electrons by Mercury Atoms 


EDWARD B, JORDAN AND RosBert B. Brope, University of California, Berkeley, California 
(Received November 18, 1932) 


The angular distribution of electrons elastically scat- 
tered by single mercury atoms was studied for electrons of 
10 to 800 volts energy, and in an angle range of 5° to 172°. 
The values of the atomic scattering coefficient, Pg (the 
number of electrons scattered per atom, per unit electron 
current density, per unit solid angle at an angle @ to the 


original beam) have been computed from the observed 
scattered currents. New maxima were found in the angle 
range between 120° and 172°. Practically all of the curves 
indicate that the value of P» rises to a relatively large 
maximum at or near 180°. 





HE scattering of slow electrons by single 

gas atoms has been studied by a number 
of observers. Arnot! was the first to observe 
maxima and minima in the scattered current 
from mercury atoms. These maxima and minima 
have been interpreted as a diffraction pattern of 
the electron waves. Arnot’s measurements ex- 
tended from 8.6 volts to 800 volts and in angle 
from 18° to 126°. Pearson and Arnquist? also 
found these maxima and minima for velocities 
between 100 and 200 volts in the angle range 
between 30° and 100°. Tate and Palmer* have 
repeated Arnot’s measurements for electron 
energies of 80, 120, 230, 490 and 700 volts and in 
an angle range of 5° to 123°. They also studied 
the inelastic as well as the elastic scattering. In 
the measurements reported in this paper, elec- 
trons of 10 to 800 volts energy were used and the 
angle range extended from 5° to 172°. 


APPARATUS 


The metal parts of the apparatus were made of 
tantalum, spot-welded together. Tantalum was 
used because it is nonmagnetic and easy to spot- 
weld. The electron gun consisted of a cylinder 
with a 4 mil tungsten filament along its axis. A 
slit 0.2 mm in width and 2 mm in height let 
through a fine beam of electrons. At voltages 
above the ionization potential of mercury, the 
beam, because of space charge, remained very 
narrow even at considerable distances from the 
slit. The collector consisted of a Faraday cylinder 


1F, L. Arnot, Proc. Roy. Soc. A130, 655 (1931). 

2 J. T. Tate and R. R. Palmer, Phys. Rev. 40, 731 (1932). 

3 J. M. Pearson and W. N. Arnquist, Phys. Rev. 37, 970 
(1931). 


6 cm long. It was supported by a long tungsten 
rod sealed in No trouble was 
experienced from leakage currents to the pliotron 
grid. The collector was surrounded by a grounded 
cylinder. All cylinders were insulated from each 
other by means of Pyrex glass tubing. 

The scattered electrons from the beam entered 
the collector through 4 slits, as shown in Fig. 1. 


Pyrex glass. 


——— oinelding 





5 aonn 
S, ASSAM 
S$ @ e 
Sy LO * 
G Beambok 
v (ecelerating Volta qe 





Fic. 1. Scattering apparatus with electrical circuit. 


The first two slits were always at the same 
potential as the outer cylinder of the electron gun 
and the cylindrical metal box which entirely 
enclosed the scattering region. These first two 
slits determine the volume of the scattering space 
from which the electrons were collected. The 
other diaphragms were used to keep out positive 
ions and electrons which were _ inelastically 
scattered from the mercury atoms. 


MEASUREMENTS 


The position of the electron gun was changed 
relative to the collector by the rotation of a 
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ELASTIC SCATTERING 


ground glass joint to which the gun was attached. 
Considerable care was taken to make the axis of 
rotation of the gun the point of intersection of 
the stream of electrons from the gun and the 
axis of the collector slit system. If the beams did 
not intersect in this center of rotation, the 
scattered current intensities on the two sides of 
the central beam were not symmetrical. When 
this adjustment is properly made the scattering 
is identical on both sides. 

The sensitivities of the galvanometers were 
measured with every set of observations. The 
resistances were measured at frequent intervals 
throughout the period of several months in which 
the measurements were made. The galvanometer 
used in measuring the electron beam current 
was adjusted by means of shunts to a sensitivity 
of approximately 10-7 amperes per mm. The 
limit on the magnitude of the beam current is 
set by the small intensity of the scattered 
current. 

Arnot! and Tate and Palmer’ used an electrom- 
eter to measure the scattered currents. In the 
measurements reported in this paper a vacuum 
tube electrometer (General Electric F P 54) was 
used. The circuit for the vacuum tube electrom- 
eter is shown in Fig. 2. The resistance /7R was a 
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1G. 2. Vacuum tube electrometer circuit. 


composite resistance purchased from the S. S. 
White Dental Mfg. Co. and was of the order of 
magnitude of 610! ohms. 

The sensitivity of the system could be adjusted 
by varying the shunt resistance R in the galva- 
nometer circuit. It was usually adjusted to a 
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sensitivity of about 5.0 10~-'* amperes per scale 
division. The deflections were steady and could 


be repeated. The zero shift was small. 


NOTATION 


The scattering of electrons by atoms is meas- 
ured by the electron current scattered in a unit 
solid angle by a single atom placed in a stream of 
unit electron current density. The angle of 
scattering is measured between the direction of 
the initial electron current and the scattered 
electron current. The atomic scattering coefficient 
P», may be expressed as the scattered electron 
current, per atom, per unit electron current, per 
unit solid angle in the direction @. 

The results of many measurements are ex- 
pressed in values of the scattered electron cur- 
rent, per unit electron current, per unit solid 
angle in the direction 6, per unit path length, per 
unit pressure at 0°C. This scattering coefficient, 
Ss, is related to the above defined atomic 
scattering coefficient Ps by the relation S,= Pon, 
where is the number of atoms per cc, at unit 
pressure and at 0°C. If the unit of pressure is 
1 mm of Hg, is 3.56 X 10'*. 

To convert the above scattered currents into 
these scattering coefficients it is necessary to 
know the solid angle effective for collection of the 
electrons as defined by the geometry of the 
apparatus. Arnot made his calculation on the 
assumption that the solid angle is given by the 
angle between the two extreme rays entering the 
Faraday cylinder in the horizontal plane multi- 
plied by the angle between the two extreme rays 
in the vertical plane. Tate and Palmer observed 
the total scattered current and multiplied it by 
an arbitrary constant so as to bring their values 
into agreement with measurements of the total 
scattered currents made previously by Palmer. 

The scattered current J, and the initial beam 
current Jo are related to Py by the equation 
Ip/Igp=Penfwdx. Where n is the number of 
atoms per unit volume, w the solid angle effective 
in collecting electrons at any point along the 
beam and dx is the element of length along the 
beam. The integration is over all parts of the 
beam for which w is not 0. For angles between 5° 
and 175° and for beam and slit sizes used in these 
experiments the /wdx is quite accurately given 
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by the expression abh/{A(A—B) sin 0], where a 
is the width of the defining slit near the Faraday 
cylinder and A its distance from the beam, 0} the 
width of the defining slit near the beam and B its 
distance from the beam, /: the height of slit a and 
6 the angle between the beam and the axis of the 
collecting slit system. The numerical value of this 
factor for the apparatus used in this experiment is 
7.3X10-° cm. Arnot’s calculation of the solid 
angle is a function of the height of the electron 
beam while the above calculation shows that the 
height of the beam is not important as long as the 
beam is not large in comparison with the height 
of the slits. 


RESULTS 


The results of the measurements are given in 
Figs. 3 to 8. 

The previous measurements of Arnot and 
Tate and Palmer agree in general in the shapes of 
the curves and number of maxima and minima in 
the region of their measurements, i.e., from 5° to 
120°. In the region 120° to 170° new maxima are 
found. The intensity of the scattered currents 
in the direction backwards from the _ initial 
direction of the electron beam is for many 
velocities quite appreciable. 

The magnitudes of the observed currents differ 
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considerably in the three sets of measurements to 
be compared. Although the solid angle of col- 
lection in Arnot’s apparatus was nearly the same 
as in this apparatus, the magnitude of the 
scattered currents in his experiment is about 3 
times the scattered currents in these measure- 
ments, for the same initial beam current, at the 
same pressure. Tate and Palmer do not give the 
magnitude of their scattered currents. The 
discrepencies in these magnitudes are larger than 
would have been anticipated from the rather 
good agreement in the shapes of these curves. 
Arnot estimated that his solid angle was 
probably correct to within 50 percent. Because of 
this and the disagreement in the magnitudes of 
the results in this field, the magnitudes of P, in 
the Figs. 3 to 7 have been labeled Py in arbitrary 
units. The relative values of the magnitudes of 
P, are however believed to be quite precise. 
Errors in the measurements of temperature 
and consequently the vapor pressure might cause 
some of the difference. The measurement and 
alignment of the slits of the collectors which enter 
into the calculation of the effective solid angle 
may also be a possible source of error. Errors may 
enter into the estimate of the effective solid angle 
when retarding potentials are applied between 
the defining slits or if the retarding field pene- 
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trates one of the defining slits. Precautions were 
taken to prevent this by the insertion of extra 
slits, between which the retarding potentials 
were applied. 

By using a long Faraday collector with no 
potential difference between it and the slit 
nearest to it, errors due to the positive ions 
produced in the chamber were reduced so that 
negative currents were observed only for the 
higher voltages and then only very slightly more 
than the probable error in the measurements. A 
comparison of the observations of Arnot, Tate 
and Palmer and those reported here are shown in 
Fig. 8 for 80 volt electrons. The magnitudes of 
the data have been adjusted so that the curves 
are in agreement at 90°. The scale of the ordinate 
has been chosen to agree with the magnitudes 
given by Tate and Palmer for the number of 
electrons scattered per unit solid angle per cm of 
path per unit pressure at 0°C. The observed 
values are in excellent agreement with those of 
Tate and Palmer. 

While these measurements were being prepared 


angle per cm path length, per mm 
of Hg pressure at 0°C, per unit elec- 
tron current, as a function of angle, 
for 80 volt electrons. 


for publication, a brief note by Arnot‘ appeared, 
reporting similar measurements to those reported 
here. Arnot calls attention to the pronounced 
backward scattering of electrons with from 10 to 
50 volts energy. The curves in this preliminary 
report of Arnot’s are in fair agreement with those 
reported here. 

In another brief preliminary note Henneberg® 
has calculated the values of P, for the elastic 
scattering of 135, 480 and 800 volt electrons by 
mercury atoms. Henneberg predicted the rela- 
tively large backward scattering which has been 
observed in these measurements. The number of 
maxima and their positions and relative magni- 
tudes are only in approximate agreement with 
the observed curves. The disagreement between 
the theoretical and experimental curves does not 
appear to be very important as it can probably be 
accounted for by approximations made in finding 
the potential field of the scattering mercury 
atom. 


4F, L. Arnot, Nature 130, 438 (1932). 
5 \W. Henneberg, Naturwiss. 30, 561 (1932). 
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The Ionization of Water Vapor by Electron Impact 


H. D. SmytH anp D. W. MUELLER, Palmer Physical Laboratory, Princeton University 
(Received December 8, 1932) 


Products and processes of ionization in water vapor 
have been studied with the apparatus previously used by 
Smyth and Stueckelberg for other gases. Results of previous 
investigators have been confirmed and extended. Two 
I. P.’s for H,O* are reported, 12.7, and 16.0 volts. Other 
positive ions in much smaller numbers appear as follows: 


H* at 18.9, OH* at 18.9, H,O* with H.O*, O* at 18.5, 
H,* at 33.5, and O.* (very weak). The probable processes of 
ionization involved are discussed. Negative ions observed 
include OH-, O-, and H-. Lozier’s observation of a critical 
electron speed for the formation of H~ is confirmed and 
discussed. 





HE products and processes of ionization in 

water vapor by slow electrons have been 
studied by Barton and Bartlett':* and more 
recently by Lozier?:* and Bleakney.? A review 
of these results suggested the desirability of a 
complete reinvestigation of the problem with the 
apparatus used by Smyth and Stueckelberg* for 
CO:2, NO», and N.O. The present paper is a report 
of such an investigation. 


APPARATUS AND PROCEDURE 


The apparatus was essentially the same as that 
used before and there is no need of repeating the 
description given in previous papers. It should be 
stated however that the apparatus had been 
entirely cleaned and rebuilt and that greater 
sensitivity and steadiness were obtained than 
ever before. As the ionization and magnet 
chambers were originally designed with the 
specific purpose of reducing the amount of resid- 
ual water vapor it was not surprising that for the 
present experiment water vapor had to be intro- 
duced. This was done through an artificial leak 
from a reservoir containing several cc of distilled 
water. The pressure on the high-pressure side of 
the leak was controlled by varying the tempera- 
ture of this reservoir. The pressure in the 
ionization chamber was estimated from a calibra- 
tion of the leak with air. The effect of varying 
pressure was studied, but the greatest emphasis 


1 Barton and Bartlett, Phys. Rev. 31, 822 (1928). 

2 Lozier, Phys. Rev. 36, 1417 (1930). 

3Smyth, Rev. Mod. Phys. 3, 384 (1931). 

‘Smyth and Stueckelberg, Phys. Rev. 36, 478 (1930). 


was on the ionization potentials and the study 
of the weaker ions several of which were observed 
for the first time. Argon was used to calibrate 
the voltage scale. Runs taken with a mixture of 
argon and water vapor gave within the limits of 
error the same values for the I. P.’s of the water 
vapor ions as runs in pure water vapor. 


RESULTS 
(a) Positive ions 


Thanks to greater sensitivity we were able to 
observe not only the H,O+, HO+, H+, H.* and 
H,O0* reported by Barton and Bartlett but also 
O*, and O,.*. Pressure effects were studied only 
with H.O*+, HOt, OF and H;O+. The estimated 
pressure in the magnet chamber was of the order 
of 1x10-* mm Hg or less, so differential ab- 
sorption there played no important rdle. The 
intensities of all ions except H;O0+ were ap- 
proximately proportional to the pressure while 
that of H;O* was proportional to the square of 
the pressure. Of course, it was obvious without 
this result that H;0* must be secondary but 
Barton and Bartlett thought HO* might be also. 
That Barton and Bartlett should have been 
unable to study the ionization potential of the 
H* ions is surprising. The Ot, H.*, and O.* are 
all very much weaker as may be seen in Table I. 

The O,* probably comes from oxygen present 
as the result of dissociation which we shall find 
responsible for some of the H+ and H,* also. A 
complete mass spectrum showed traces of hydro- 
carbons, a faint peak at 20 and another at 34. 
The peak at 34 may be H2O,* as this is known to 
be formed by electrical discharge in water vapor. 
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If so, it is possible that some of the three very 
weak ions come from H2Os¢. The peak at 20 was of 
intensity about 3 on the scale of Table I. It was 
presumably caused wholly or partly by (H,O"*)* 
and therefore sets an upper limit of about 1 in 300 
for the proportion of the O'8 isotope in oxygen. 
The best estimate from band spectra is about 1 
in 600 so that our result is reasonable but not 
very significant. The intensities are, of course, 
dependent both on electron speed and pressure. 


TABLE I. Positive tons. 














Calculated 
minimum 
Approx. energy 
Ion int. LP. Process of formation required 
H2O* 1000 12.7 (13.3; 14.2; 15.0) 16.0 — —_—_— 
HO+ 200 8.9 H.0-—-H +0H* ? 
H;0* 200 same as H.O+ H.0+* +H20—>H;0* +0H 
H+ 200 13.5; 18.9 H—>H*+; H.0O—>H*++OH = 13.5:18.5 
Or 20 18.5 H.O—>H:+0+ 18.8 
O2* 6 —- O2—>02* 12.5 
H:* 5 33.5 H.0O—>H2*+ +0+* 34 








The relative values given in Table I are for 
electron speeds of about fifty volts and for the 
pressure at which the appearance potential data 
were taken, a pressure estimated to be about 
510-4 mm Hg. The appearance potential data 
are best discussed for each ion separately. 

II,0*. The curve given in Fig. 1 is typical of 
the results obtained in the spring of 1931. An At 
curve is included for comparison and it is clear 
that the beginning of ionization is quite different 
in the two gases. This is in keeping with the 
distinction often observed before between the I. 
P.’s of monatomic and polyatomic gases but we 
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Fic. 1. Abundance of H.O* ions formed by electron impact 
in water vapor. Argon curve for comparison. 
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had never before been able to observe and 
reproduce breaks such as are shown in the I. P. 
curve of Fig. 1. Unfortunately although these 
small breaks appeared consistently in the curves 
taken in 1931 attempts to reproduce them with 
the same apparatus a year later were unsuc- 
cessful. Only the general shape with a marked 
rise at about 17.5 was still observed. The currents 
near the feet of such curves are very near the 
limit of sensitivity of the apparatus and we 
believe our failure to get the breaks a year later 
was due to a slight fall in sensitivity causing a 
general fuzzing out of the curves. Nevertheless 
we will throw out the intermediate breaks as 
doubtful keeping only the beginning of ionization 
at an observed potential of 14.2+.2 and the 
marked increase in ionization current at 17.5+.5. 
The observed I. P. for A+ was 17.2 so that taking 
the spectroscopic value, 15.7, for the I. P. of 
argon we get a correction of —1.5 volts to be 
applied to the voltage scale; this correction 
applied to the HO observations gives the values 
recorded in Table I. All values of voltages cited 
from now on have been corrected unless other- 
wise stated. The lower value for the H,O*, 12.7 
is in agreement within the limits of error with the 
13.0 of Barton and Bartlett! and the 13.2 of 
Mackay.’ The higher value is of particular 
interest on account of a suggestion by Smyth and 
Stueckelberg* that there must be an I. P. of 
water vapor just below that of argon. Possibly 
the highest break, 16.0+.5, in the H2,O curve 
corresponds to an I. P. slightly below that of 
argon rather than slightly above as the direct 
observation suggests. 

It is interesting to compare these results with 
the recent study of the absorption spectrum of 
H:O by Henning.’:* He found a continuous 
absorption having a long wave-length limit at 
12.4 volts and another having a limit at 16.5 
volts. As he points out it seems probable that 
these spectra correspond to the two types of 
H,O->H,0+ ionization observed by us. This 
interpretation is further strengthened by Mul- 


5 Mackay, Phys. Rev. 24, 319 (1924). 

6 Smyth and Stueckelberg, Phys. Rev. 32, 779 (1928). 

7 Henning, Ann. d. Physik 13, 599-620 (1932). 

§ One of us had the advantage of discussing these ques- 
tions with Mr. Henning before he published his paper. 





118 B. DB, 
liken’s® prediction that H2O should have several 
I. P.’s, the one previously observed at about 13, 
and others at about 16 and 17 volts corresponding 
to the removal of 2pc, 2p) or 2pa electrons, 
respectively. 

II*+, The appearance potential curve for H* 
shows a slight departure from the horizontal 
axis at about 13.5 volts and a marked rise at 
about 18.9. The first very weak current is 
probably due to ionization of atomic hydrogen 
present as the result of dissociation. A rough 
estimate from intensities suggests that about one 
percent of the HO would have to be dissociated 
to account for the observed result. This seems 
somewhat high but very likely H.O is dissociated 
by electron collision anywhere above five volts 
and it may be a fairly probable process. The 
second rise in the H* curve is interpreted as the 
direct production of H*t from H,O by the 
process HXO>OH + H?*. By using the value of 5.0 
volts for the heat of dissociation for the process 
H:O>—OH+H obtained by Bonhoeffer and 
Reichard'® and quoted by Sponer in the last 
Erganzungsband of Landolt-Bérnstein, the mini- 
mum energy required for this process is 18.5 
volts,"' just about the usual degree of agreement 
for this sort of calculation. As Henning points out 
there should be continuous absorption in H.,O 
corresponding to this process but our results 
show that it would be weak so that one might 
expect it to be obscured by the 16.5 volt ab- 
sorption. 

OH*+. The curve for this ion is almost identical 
with that for H+ although the breaks are even 
less well defined. The higher is at 18.9+.5. It 
is naturally interpreted as dissociation of the 
same type as above with ionization of the OH 
instead of the H, i.e., the process HXO>~OH* +H. 
This implies an I. P. for OH of not more than 
18.9+.5 —5.0= 13.9. The location of lower break 
due to ionization of OH present as a result of 
dissociation cannot he exactly determined as it 
is obscured by unresolved H2O*. 

H;,0+. The current voltage curve for this ion is 
very similar to that for H.O*. The lowest I. P. in 
all determinations was within a few tenths of a 


® Mulliken, Phys. Rev. 40, 56 (1932). 

10 Bonhoeffer and Reichard, Zeits. f. 
A139, 75 (1928). 

1 Smyth, Rev. Mod. Phys. 3, 390 (1931). 
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volt of that for H.O* and the higher breaks were 
also noticeable. The pressure results have already 
been mentioned. There seems no doubt but that 
this ion is formed by the process HeO*+H.O 
—+H,;0*+0OH. This is analogous to the formation 
of H;*. Other possible processes appear unlikely 
when examined in detail. 

IT,*, The current voltage curves for this very 
weak ion were extremely difficult to take. There 
were sometimes traces of current as low as twenty 
volts but the first definite and reproducible rise 
above the zero drift of the electrometer was at 
33.5+1.0 volts. This presumably corresponds to 
the process H2O->H,.++O* which requires at 
least 33.9 volts, an agreement well within the 
limits of error. The implication of this result that 
the process HXO-H,*+0 is very improbable. In 
the present investigation the isotope of hydrogen 
of mass 2 would be masked by variations in the 
residual current, though the isotope ion H?* and 
the molecular ion H.* may be present in the 
same magnitude below 30 volts incident electron 
energy. 

O* and O,*. The current voltage curve for Ot 
indicates an I. P. of 18.5+2.0 volts. No such 
curve was obtained for O.* which was very weak. 
If O* is the result of the process HXO>H.+O0+ 
the minimum energy required is 18.8 volts. This 
makes the experimental value seem low since it is 
likely that the H. would be left in a high vibra- 
tion state. But the experimental limits of error 
are large. 


(b) Negative ions 


The negative ions proved to be very weak, of 
the order of the O.* or H2* ions or less. It is not 
surprising therefore that Barton and Bartlett did 
not observe them. We observed OH-, O-, H-, 
and perhaps a trace of H2O-. There is some doubt 
about our result on OH™~ and ©-; apparently 
the OH~ appears first at electron speeds of 
between 15 and 25 volts rising to a maximum, 
then diminishing to almost zero at 25 volts, and 
finally rising again indefinitely with further 
increases of electron speed. The O~ appears first 
at 22+3 volts rising to a maximum at about 31 
+4 then falling off and rising again at 36+4. 

It seems likely that the first production of 
OH~- at 20+5 volts corresponds to the process 
H,O-H*t+OH-, This is consistent with the 











IONIZATION OF WATER VAPOR 


positive ion results and the energy requirements. 
Similarly the O~ observed at 22+3 is probably 
the result of the process HOOMH*++H+0-. 

Finally we come to the results on H~. Lozier? 
observed negative ions, presumably H-, in 
hydrogen and water vapor, if and only if, his 
bombarding electrons had speeds within two 
very narrow ranges, centered at 6.6 and 8.8 
volts, respectively. Had we not known this we 
probably would never have observed H™ ions in 
our apparatus. But by going over this range of 
velocities very carefully we found weak but 
definite confirmation of this effect. Our observed 
critical potential was at 9.4 volts which gives 7.9 
when corrected by the argon calibration. Pre- 
sumably this is an unresolved combination of 
Lozier’s two peaks. Lozier found that in water 
vapor the H~ ions produced at 6.6 volts had 
kinetic energies of 1.5 volts while those produced 
at 8.8 volts had energies of 3.2 volts. We were 
unable to test these values. 

Leifson™ observed an absorption spectrum in 
H.O corresponding quite closely with the 6.6 and 
8.8 critical voltages. If the formation of H7 
depends first on the excitation of the HO 
molecule to an unstable state which may, in the 
presence of an extra electron dissociate into H~ 
and OH, we may correlate the two sets of data 
and say that the transitions involved in the H- 
formation may possibly be excited by light 
absorption as well as electron impact. 

Now we have to consider the probable origin 
of these H~ ions. The positive ion results suggest 
that there was some hydrogen present, both 
atomic and molecular. If the H~ comes directly 
from molecular hydrogen it is difficult to see why 
Lozier should have found the effect so weak in 
pure hydrogen. Atomic hydrogen seems a more 
likely source, for it is known that little atomic 
hydrogen is produced in hydrogen gas by electron 
impact below eleven volts but it is quite possible 
that atomic hydrogen is produced more plenti- 
fully in water vapor. But it is difficult to see how 
such a two stage process as this could occur with 
as low pressures and sharply limited electron 
beams as Lozier used. On purely experimental 
grounds, therefore, the direct production of H- 


2 Leifson, Astrophys. J. 63, 73 (1926). 
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from H,O seems the most plausible explanation 
of the observed effects. 

Lozier has examined the energy relations 
involved in the above processes and we shall do 
so again. In discussing the positive ion results we 
used a value of 5.0 volts for Dy, the heat of 
dissociation, HOO4OH +H. Lozier uses 5.7 volts 
for Dy, an estimate based on Bleakney’s 19.2 volt 
appearance potential of H* in water vapor. Our 
value for this potential is slightly lower and even 
if it were not, results in other gases would 
suggest that the calculated minimum energy 
should be about 0.5 volt lower than the observed 
potential. So that our estimate of Dy from this 
result would be about 5.0 volts in agreement with 
Bonhoeffer and Reichard. Using this value, we 
must modify somewhat Lozier’s explanation of 
the H- formation. Of the total energy of the 
electron 5.0 volts go to the production of H from 
H.O, —0.7 volt (the electron affinity) to make it 
an ion, and 1.5 volts to give it kinetic energy, a 
total of 5.8 volts leaving 0.7 volt which we 
assume to go into vibrational energy of the OH. 
Similarly, Lozier’s attempt to explain the 8.8 
volt ion in terms of an excited H~ seems rather 
artificial and we prefer to think of the extra 1.3 
volts going into vibrational excitation of the OH. 

An explanation of the observed energies of the 
H~- ions in terms of formation from atomic 
hydrogen is impossible because of momentum 
considerations but formation from Hg, is quite 
possible. Here we need 4.4 volts to get H, —0.7 
again for the ionization, and 3.0 for the kinetic 
energy, this value being double the previous one 
since now the two parts of the disrupted molecule 
will have equal velocities. This gives a total of 6.7 
For the 8.8 volt 
explanation offers itself. 

On the whole the combined evidence favors the 
conclusion that the H~ ions are formed directly 
from H:O molecules by single electron impacts. 

But we have not yet explained the critical 
velocity. One might expect the higher velocity 
electrons to produce higher velocity ions as in the 
case of positive ions in hydrogen. Perhaps the 
mode of vibration in the H.O molecule excited by 
electron impact is not the mode of vibration that 


volts. ionization, no good 


18 Hylleraas, Zeits. f. Physik 65, 208 (1930). 
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leads to dissociation. Dissociation may occur 
only for a particular vibrational level of the 
first mode in resonance with one of a second 
mode, a process similar to the type of predissoci- 
ation in diatomic molecules where two potential 
energy curves cross each other! though such an 
idea would hardly account for the apparent 
narrowness of the region of critical speeds. 

As far as the critical velocity requirement is 
concerned it is clearly to be expected for the 
simplest case of negative ion formation, i.e., 
where there is no dissociation. For in this case the 
momentum and energy equations contain only 
two velocities (neglecting the original thermal 
velocity of the atom), the velocity of the electron 
before collision and of the ion after collision. 


4 Cf. Herzberg, Ergebnisse d. Exakt. Naturwiss. 10, 240- 
242, cases Ia and Ib (1931). 
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Therefore if the electron affinity is a definite 
quantity, the speed of the electron before 
attachment and of the ion after attachment are 
both fixed. Moreover the resultant velocity of 
the ion must be small. As we have already 
mentioned, this is the reason why such a process 
fails to account for the formation of H~ ions with 
1.5 volts kinetic energy. 


GENERAL CONCLUSION 


The process of negative ion formation has been 
discussed at some length because it seems to us 
that the meager results reviewed here are very 
suggestive and may mark the opening of a new 
and very interesting field of investigation. The 
positive ion results, on the other hand, are of the 
same general nature as those obtained with other 
molecules, both polar and nonpolar, and recently 
reviewed by one of us. 
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The Ionization of Sulphur Dioxide by Electron Impact 


H. D. SmytH anp D. W. MUELLER, Palmer Physical Laboratory, Princeton University 
(Received December 8, 1932) 


The mass-spectrograph previously described has been 
used to study ionization by electron impact in SO». SO.*+ 
ions appear at 13.1+0.3 volts, SO* ions at 16.5+0.5 and 
ions of mass 32, either S* or O,* appear at 16.0+0.7 and 


increase sharply at 22.3+1.0. No O* ions are observed. 
The probable processes of formation of these ions are 
discussed. 





HE study of H,O reported in the previous 
paper left only two gases that had been on 
our original program for the study of the simple 
triatomic molecules. These were SOQ, and CS». 
There was some doubt about the possibilities of 
getting good results with sulphur compounds in 
the apparatus and there was the further difficulty 
in SO. that S+ and O.+* ions could not be dis- 
tinguished. But one of the authors happened to 
be particularly interested in SO, at the time and 
therefore its study was undertaken. 

Contrary to expectation the SO, caused no 
trouble at all. In fact the apparatus had never 
worked better. The procedure was unchanged, 
the ionization of argon being used as usual to 
calibrate the voltage scale. Runs in mixtures of 
argon and SO, and in the pure gases gave the 
same values for the I. P.’s of At and SQ¢*, 
respectively. This established the value of the 
SOz I. P. as 13.340.3 volts and the appearance 
potentials of the other ions were referred to this 
value. Other ions were observed at masses 46 
and 32 but none at 16. Current vs. voltage 
curves for these ions are shown in Fig. 1. Of the 
two breaks in the 32 curve one might naturally 
be attributed to S* and the other to O2* but we 
shall see below that they are probably both S*. 

This appears to be the first determination that 
has been made of the I. P.’s of SOs. Nor can we 
calculate that for SO,* or SO+. But if we take! 
SO.+5.8 volts—9SO+0, SO.+5.8-S+0Os2, and 
SO+5.1-S+0, and the I. P.’s for S and Oy, as 
10.3 and 13.0 volts,’ respectively, we can calcu- 
late the minimum energies required for the 





1 Franck, Sponer and Teller, Zeits. f. physik. Chemie 
B18, 97 (1932). 
2 Smyth, Rev. Mod. Phys. 3, 290 (1931). 


formation of St, O2*+ and O+. The theoretical and 
experimental results are combined in the follow- 
ing table: 


TABLE I. Theoretical and experimental critical energies in 





SOre. 
Calculated 
lon Appearance Probable minimum 
observed potential process energy 
required 
SO.* 13.3403 (a) SO.—-SO,* -—- 
SO+* 16.5+0.5 (b)SO.—-SO*+0 — 
Mass 32 16.0+0.7 (c) SO.—S*+02 16.1 
Mass 32 22.341.0 (d)SO.—-S+0,* 18.8 
(e) SO.+S*+0+0 21.2 
O* Not observed (f) SO.—-SO+0O* 19.3 








The comparison of observed and calculated 
values raise several points of interest. First it is 
clear that the process (c) is certainly the one 
requiring the least energy to produce a mass 32 
ion. But the calculated value is still a tenth of a 
volt above that observed. The calculated value 
is a minimum and previous experiments with the 
same or similar apparatus usually have given 
appearance potentials at least half a volt above 
the calculated value. It seems likely, therefore, 
that the heats of dissociation of SO, given by 
Franck, Sponer and Teller may be a few tenths 
of a volt high. The second point of interest is that 
the second break in the mass 32 curve corre- 
sponds better with process (e) than (d) sug- 
gesting that there may be no O,* ions formed. 
This would be little more surprising than the 
absence of O*+ ions. Finally we may use the 
observed appearance potential of the SO* ion to 
calculate its ionization potential. It is 16.5—5.8 
=10.7 volts. There are at present no spectro- 
scopic data to be compared with these results. 
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Fic. 1. Relative abundance of various ions formed by electron impact in SO:-argon mixture. 


Some more general questions are raised by one 
process of ionization which occurs in both sulphur 
dioxide and water vapor and which suggests the 
value of summarizing the whole work done to 
date on triatomic molecules. This is done in 
Table II below where XY: is the generalized 
formula for the type of molecule studied. 


TABLE II. Jonization processes in triatomic molecules of the 
type X Y2. 








Occurrence in various gases 





Possible 

process CO, NO. NO H:O H.S SOs 
(a) X YoX Y2" Yes Yes Yes Yes Yes Yes 
(b) X YxmXY*+Y Yes ? Yes Yes Yes Yes 
(c) X ¥Ye>XY+ Yr Yes Yes Yes Yes No No 
(d) X Y2>~X+ ¥Y2* No Yes? ? No No ? 
(e) X Yo>Xt+ Y2 No Yes? Yes Yes Yes? Yes 
(f) X Yo>X+Y+ Y* ? ? ? ? No No 
(g) X¥2~>X*+Y+Y Yes ? ? ? ? Yes? 


(h) X ¥2—+>X2++ Y* ne 








Although the compositions of all these gases 
may be represented by the same formula, X Y2, 
their molecular structure differs. Thus CO, is 
linear with the C atom in the middle, N.O is 
probably linear but with the O on one end. The 


others are all triangular to a greater or less 
extent, the structural formulas for water and 
sulphur dioxide being 


O S 


- aN 
H H and O O. 


Consider the processes (d) and (e). One might 
expect them to be quite possible in N2O, almost 
impossible in CO, and highly improbable in H.O 
and SO, where there is no bond between the two 
Y atoms to start with. Our expectation 
confirmed in CO, entirely, and in NO so far as 
the evidence goes. But in the four other gases the 
process (d) apparently does not occur but (e) 
does. Furthermore the process (e) in SO. and 
H.0 where it has been best observed occurs at so 
low a potential that there can be little energy 
carried off in vibrational energy of the FY, 
molecule or in kinetic energy. Unfortunately our 
knowledge of the structure of these molecules is 
still too incomplete to offer an interpretation of 


is 


these observations. 
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Infrared Absorption Bands of Ammonia 


HILBERT J. UNGER, Department of Physics, University of Oregon 
(Received November 2, 1932) 


Eight NH; absorption bands have been recorded in the 
spectral region 1.0 to 2.0u with an automatic recording, 
prism spectrometer. The fine structure of the bands shows 
that they all belong to the two general types, ‘‘composite”’ 
and “double.” The 1.64 band is composite like the 1.974 
band first resolved by Stinchcomb and Barker. The inten- 
sity of the lines is very uniform, and the line spacing, 
10.2 cm, agrees with that of the 1.974 band, 9.98 cm™, 
Bands arising from changes of the electric moment parallel 
to the symmetry axis are double as was found in the 34 and 


104 bands. The doublet spacing in the 10u band is 33 
cm™', but only 1.6 cm~ in the one at 3u. D. M. Dennison 
has shown that the doublet spacing should rapidly decrease 
in the higher levels, and for harmonic bands the separation 
should be so large that they would not appear double. The 
1.514 and 1.224 bands both appear as double, and have a 
separation of 30.3 cm™! and 30.4 cm™, respectively. Evi- 
dently the multiplicity of some of the higher levels is more 
evident than the present theory predicts. 





INTRODUCTION 


N the region 1-24 the author has recorded 

eight ammonia bands, two of which are really 
double bands, and a series of very weak lines 
between 0.974 and 1.0u. The fine structure of 
the 1.974 band has been observed and analyzed 
by Stinchcomb and Barker,' and J. D. Hardy? 
has reported resolving the 1.54 band into several 
overlapping bands. To my knowledge the rest 
of the bands have not been previously resolved. 
An excellent résumé of what has been done 
experimentally on the symmetrical top-type 
molecule has been made by Schaefer and 
Matossi.* Some doubt has existed in assigning the 
four fundamental frequencies that theory re- 
quires for the ammonia molecule, but those 
assigned by Dennison and Barker are well 
founded. 


EXPERIMENTAL PROCEDURE 


The spectroscope used is of the Littrow type, 
consisting of two 60° and one 30° glass prisms, 
(faces 1015 cm), and a collimating mirror with 
a 60 cm focus. The prisms were traversed twice, 
giving a dispersion equivalent to five 60° prisms. 
A single junction Bi, Bi-Sn, vacuum, micro- 
thermocouple was used as a detector, the tinfoil 


'G. A. Stinchcomb and E. F. Barker, Phys. Rev. 33, 
305 (1929). 

2 J. D. Hardy, Washington, D. C. meeting of Am. Phys. 
Soc., April, 1932. 

3 Scheafer and Matossi, Das Ultrarote Spektrum. 


receiver being 0.14 mm and the wires 0.01 mm 
in diameter. The thermocouple operated a Leeds 
and Northrup high sensitivity galvanometer with 
a scale distance of five meters. Automatic re- 
cording was obtained on camera film, and the 
reproducibility was excellent. The time required 
to cover a range of 2000A was usually one and 
one-half hours, and the zero shift in this time was 
negligible. Razor blade slits were used with a 
setting of 0.08 mm in most cases. 

The source of continuous radiation used was a 
66 watt series street light, with a single straight 
filament, operated at 120 watts. Under these 
conditions it gave about 50 hours service at a 
temperature of 2600°. Four banks of storage 
batteries connected in parallel supplied a very 
constant current for the lamp. 

No precautions were taken to purify the 
ammonia used, but the same results were 
obtained with the gas from an ammonia solution 
as from liquid ammonia. No absorption cell was 
necessary as the gas was released into the case of 
the spectrometer, giving a three meter absorption 
path. The spectrometer was calibrated by the use 
of standard mercury and water-vapor lines; the 
accuracy of the wave-length measurements being 
in most cases +1A. 


EXPERIMENTAL RESULTS AND ANALYSIS 


Fig. 1B shows the 1.974 band which was first 
analyzed by Stinchcomb and Barker,? and 
although there is some fine structure not shown 
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TABLE I. Ammonia bands. 



























































No. mwas yp Av No. 4 v Av | No. u v Av | No. é v Av 
A series of weak 1.0284 band (Cont.) 1.2194 band (Cont.) _ ‘4,258 band _ 
unanalyzed lines 19 1.0303 9705.9 7 1.2003 8331.2 | 4 1.2520 7987.2 

1 0.9760 10245.9 20.7 22.1 | 11.5 

2 0.9774 10231.2 20 1.0325 9685.2 9 1.2035 8309.1 | 2 1.2338 7975.7 

3 0.9787 10217.6 20.5 19.3 11.5 

4 0.9798 10206.1 21 1.0347 9664.6 11 1.2063 8289.8 | 3 1.2553 7966.2 

5 0.9811 10192.6 14.9 24.0 | 10.1 

6 0.9825 10178.1 22 1.0363 9649.7 13 1.2098 8265.8 | 4 1.2569 7956.1 

7 0.9839 10163.6 15.8 21.8 9.5 

8 0.9854 10148.1 23 1.0380 9633.9 15 1.2130 8244.0 5 1.2584 7946.6 

9 0.9870 10131.7 18.6 23.7 | 12.6 

10 0.9887 10114.2 24 1.0400 9615.3 - 17 1.2165 8220.3 | 6 1.2604 7934.0 

11 0.9905 10095.9 14.7 18.2 13.2 

12 0.9923 10077.5 25 1.0416 9600.6 — Al9 1.2192 8202.1 | 7 1.2625 7920.8 

13 0.9936 10064.4 17.5 15.5 14.4 

14 0.9947 10053.2 26 1.0435 9583.1 | 21 1.2215 8186.6 8 1.2648 7906.4 

15 0.9957 10043.1 i ___ 15.6 20.1 16.4 

16 0.9968 10032.1 27) «1.0452 9567.5 23 1.2245 8166.5 9 1.2673 7890.0 

17 0.9979 10021.0 ‘ 18.3 26.5 11.0 

18 0.9989 10011.0 28 1.0472 9549.2 25. 1.2285 8140.0 10 1.2692 7879.0 

19 1.0008 9992.0 18.1 16.5 | (See Figs. 4B and 2) 

20 1.0018 9982.0 29 1.0492 9531.1 ; 27) «1.2310 8123.5 ; —— —_——— 

21 1.0028 9972.1 . . 17.3 23.1 1.3044 band 

22 1.0039 9962.1 30 1.0511 9513.8 29° 1.2345 8100.4 ; 

23 1.0049 9951.2 17.2 bh — aa 

24 1.0060 9940.3 31 1.0530 9496.6 31 1.2390 8071.0 | 1 1.2716 7864.1 

25 1.0070 9930.4 (See Figs. 3A and 2) » cane Mee 14.2 

26 1.0080 9920.6 ————_—__—_—— -- 32 1.2415 8054.8 2 1.2739 7849. 

27. +1.0091 9909.7 1.184 band . oe tee 12.9 

: —_— 33 1.2437 8040.6 9 12d di, 
(See Fig. 3A) 1 1.1678 8563.2 18.5 

1.028u band 10.4 34 1.2466 8021. 4 1.2790 7818.5 
= 2 1.1692 8552.8 “ 14.5 

1 1.0107 9894.1 7.3 35 1.2497 8001.9 5 1.2814 7804.0 
10.8 3 1.1702 8545.5 , Av. Av=20.8 15.8 

2 1.0118 9883.3 10.9 wake anil 6 1.2840 7788.2 
10.7 4 1.1717 8534.6 15.2 

3 1.0129 9872.6 11.7 1.223u band 7 1.2865 7773.0 
9.7 5 1.1733 8522.9 15.7 

4 1.0139 9862.9 9.4 ——_—— ~ —— 8 1.2891 7757.3 
9.8 6 1.1746 8513.5 4 1.1956 8364.0 15.0 

5 1.0149 9853.1 8.0 22.4 9 1.2916 7742.3 
10.6 7 1.1757 8505.5 6 1.1988 8341.6 5 17.3 

6 1.0160 9842.5 13.0 20.7 10 1.2945 7725.0 
9.7 8 1.1775 8492.5 8 1.2018 8320.9 7.6 

7 1.0170 9832.8 11.5 20.8 11 1.2956 7718.4 
9.6 9 1.1791 8481.0 10 1.2048 8300.1 10.8 

8 1.0180 9823.2 15.1 20.6 12 1.2974 7707.6 
8.7 10 1.1812 8465.9 12 1.2078 8279.5 11.2 

9 1.0190 9814.5 15.0 cs _ 19.8 13 1.2993 7696.4 
10.6 11 1.1833 8450.9 141.2107 8259.7 9.4 

10 1.0200 9803.9 14.3 _ 23.9 14 1.3009 7687.0 
9.6 12 1.1853 8436.6 16 1.2142) 8235.8 19.5 

11 1.0210 9794.3 9.2 25.6 15 1.3042 7667.5 
11.5 13 1.1866 8427.4 18 1.2180 8210.2 15.2 

12 1.0222 9782.8 Av. Av=11.3 16.8 16 1.3068 7652.3 
10.5 (See Figs. 4A and 2) 20 1.2205 8193.4 20.5 

13 1.0233 9772.3 samen 16.0 17 1.3103 7631.8 
9.6 1.219n band B22 1.2229 8177.4 15.1 

14 1.0243 9762.7 cae ae 23.5 18 1.3129 7616.7 
11.4 siaianngreasermenatmaminsacanerci 24 1.2264 8153.9 13.9 

15 1.0254 9751.3 1 1.1887 8412.6 23.8 19 1.3153 7602.8 
7.6 20.5 26 1.2300 8130.1 10.6 

16 1.0264 9743.7 2 1.1916 8392.1 16.6 20 1.3170 7592.2 
11.4 19.0 28 1.2325 8113.5 13.6 

17. 1.0275 9732.3 3 1.1943 8373.1 | 26.1 21 1.3196 7578.5 
10.4 23.8 30 1.2365 8087.4 7.3 

18 1.0286 9721.9 5 1.1977 8349.3 | Av. Av=21.3 22 1.3208 7571.2 
16.0 18.1 (See Figs. 4A and 2) _ 16.6 














INFRARED ABSORPTION 


TARLE I. (Continued). 
































No. M v Av No. uu v Ap 
1.304u band (Cent.) 1.509 (Cont.) 
23 1.3237 7554.6 31 1.5385 6499.8 
16.0 18.9 
24 1.3265 7538.6 33 1.5430 6480.9 
13.0 | 20.1 
25 1.3288 7525.6 35 1.5478 6460.8 
8.0 20.4 
26 1.3302 7517.6 38 61.5527 6440.4 
10.2 18.2 
27 +1.3320 7507.4 40 1.5571 6422.2 
11.1 21.4 
28 1.3340 7496.3 42 1.5623 6400.8 
6.4 19.2 
29 1.3350 7489.9 44 1.5670 6381.6 
(See Fig. 4B) 19.5 
46 1.5718 6362.1 
23.4 
48 1.5776 6338.7 
1.509. av. 19.7 
1 1.4721 6793.0 1.516 
17.9 — 
3. 1.4760 6775.1 2 1.4735 6786.5 
20.7 22.0 
5 1.4805 6754.4 4 1.4783 6764.5 
22.7 20.5 
7 1.4855 6731.7 6 1.4828 6744.0 
20.3 23.6 
9 1.4900 6711.4 8 1.4880 6720.4 
21.6 22.0 
11 1.4948 6689.8 10 1.4929 6698.4 
23.1 18.0 
13 1.5000 6666.7 12 1.4969 6680.4 
20.9 21.3 
15 1.5047 6645.8 14 1.5017 6659.1 
19.8 24.3 
Al7 1.5092 6626.0 16 1.5072 6634.8 
20.2 20.2 
19 1.5138 6605.8 18 1.5118 6614.6 
19.0 17.4 
21 1.5178 6587.8 'B20 1.5158 6597.2 
16.7 17.5 
23) 1.5218 6571.1 22 1.5198 6579.7 
17.2 17.2 
25 1.5258 6553.9 24 1.5238 6562.5 
ea 18.4 
27 «1.5298 6536.8 26 1.5281 6544.1 
19.6 18.0 
29 1.5344 6517.2 28 1.5323 6526.1 
17.4 


in their work, the agreement is excellent. Four 
additional lines on the long wave-length end of 
the band were observed and found to belong to 
it (see footnote of Fig. 1). The 1.664 band shown 
in Fig. 1A is a composite band of the same type 
as that at 1.974, and has a line spacing of 10.2 
cm! as compared to 9.98 cm“, There are 
thirteen weak lines on the short wave end of this 
band that do not fit this analysis. 

The fundamental vibrational frequencies! of 


* Lines 1 to 13 are very weak and are either another band or an impurity. Average Av = 10.2 cm. 
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No. up v Av No. u v Av 
1.516 (Cont.) 1.664 (Cont.) 
30 1.5363 6509.1 13 1.6302 6134.2 
17.7 12.4 
32 1.5405 6491.4 14 1.6335 6121.8 
21.0 10.8 
34 1.5455 6470.4 15 1.6364 6111.0 
25.0 10.5 
36? 1.5497 6452.8 16 1.6392 6100.5 
9.3 
37 1.5515 6445.4 17 1.6417 6091.2 
16.2 11.2 
39 1.5554 6429.2 18 1.6447 6080.1 
| 21.8 9.6 
41 1.5607 6407.4 19 1.6473 6070.5 
18.5 | 9.5 
| 43 1.5652 6388.9 | 20 1.6499 6061.0 
18.3 | 9.6 
45 1.5697 6370.6 | 21 1.6525 6051.4 
19.4 | 10.6 
| 47 1.5745 6351.2 | 22 1.6554 6040.8 
av. 19.8 7.3 
(See Figs. 3B and 2) | 23 1.6574 6033.5 
ee 11.6 
24 1.6606 6021.9 
1.66. * Center 6018 10.8 
25 1.6636 6011.1 
> 10.5 
| 1 1.5946 6271.2 26 1.6665 6000.6 
12.6 9.3 
| 2 1.5978 6258.6 27 1.6691 5991.3 
| 13.7 10.8 
| 3 1.6013 6244.9 | 28 1.6721 5980.5 
13.6 | 10.3 
| 4 1.6048 6231.3 29 1.6750 5970.2 
10.1 10.7 
| § 1.6074 6221.2 | 30 1.6780 5959.5 
| 12.3 | 10.7 
6 1.6106 6208.9 | 31 1.6810 5948.8 
10.0 | 10.6 
7 1.6132 6198.9 | 32 1.6840 5938.2 
9.6 11.3 
8 1.6157 6189.3 33 1.6872 5926.9 
12.6 8.0 
9 1.6190 6176.7 34 1.6895 5918.9 
172 12.3 
| 10 1.6235 6159.5 35 1.6930 5906.6 
12.2 10.0 
| 11 1.6270 6146.3 36 1.6959 5896.6 
6.1 
| 12 1.6286 6140.2 37 1.6985 5887.5 
6.0 (See Figs. 1A and 2) 





the ammonia molecule are given as: //»,;= 950 
cm (double band); 1 ve= 1631 cm™; //v3= 3335 
cm! (double band); 1 v,=5059 cm~. 

(Frequencies arising from vibrations of the 
electric moment parallel to the symmetry axis 
are designated //, and those due to vibrations 
perpendicular to the axis are designated as 
al 

The 1.664 band* has been considered to be 
v=v3+3ve= 5843 cm, but v= v1 +74= 6009 cm 
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Fic. 1. The 1.66u band is of the same type as the 1.97u band first analyzed by Stinchcomb and 
Barker.' These are composite bands with no apparent maximum or minimum of absorption, and 
extremely uniform line intensity. The line spacing in the 1.974 band is 9.98 cm™, in the 1.66x 
band, 10.2 cm. Four extra lines were found on the long wave-length end of the 1.974 band 
that fit the original analysis.' 


Line No. v Av Line No. v Av 
29 ES 9.3 32 4870.9. ....cccccceceee 8.3 
30 4890.4 11.2 33 4861.9 9.0 
31 4879.2 “ee eeeeeeeneeneenee . SP . . . . “SQWheoe#t ese eevee eneeeveeeeeeee . 





is more consistent with the selected center of the 
band, 6018 cm~. 

The 1.5u band, Fig. 3B, is very intense, but is 
probably two overlapping bands with a line 
spacing of 19.7 and 19.8 cm~, which is in agree- 
ment with the 10u bands,‘ 18.7 and 20.2 cm", 
and the 3u band,! 19.67 cm~. Because of over- 
lapping the individual structure of the bands 
cannot be determined, but the spacing in the 
positive and negative branches seems to be 
different. The zero branches were selected at the 
point of convergence. The best lines through the 
+ and — branches are parallel in the two bands 
and do not show the convergence?’ that the 10.5u 
bands do. This might be a composite band, but 
its general appearance is not such. The extreme 
overlapping of the lines 1 and 2, Fig. 3B, 
accounts for the intense absorption at that 
position in reference to the neighboring lines. 
Another band at 1.24 also appears to be double 
with line spacings 20.8 and 21.3 cm~'!. The zero 
branches A and B were selected because of their 
prominence. 

The average separation of the two bands at 
1.2u is 30.4 cm~, and 30.3 cm for the ones at 






































CS 48 Me 300.108 


Fic. 2. In each of the graphs the wave number is plotted 1.5u. The line spacing in these bands might 


along the abscissa and the ordinal numbers along the 
ordinate. Where designated by j, the ordinal numbers 


represent the initial values of the total angular momentum ~—_ _ _ 
quantum number. 4E. F. Barker, Phys. Rev. 33, 684 (1929). 


indicate that they are composite, but the general 
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Fic. 3. In the lower figure the upper curve was taken with 0.10 mm slits, and the lower curve 
with 0.06 mm slits. The absorption lines on the left side of the curves are due to water vapor, 
which serves as wave-length identification points. The lines A and B are the assumed zero 
branches of the two overlapping bands. 
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Fic. 4. In the upper curve the lines marked 1 to 35 are two overlapping bands with zero 
branches marked A and B. The 1.34 band shown in the lower curve is evidently a series of over- 
lapping bands with only the strong zero branches resolved. 
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appearance is that of overlapping bands. The 
lower vibrational levels of the ammonia molecule 
are known to be double as is shown by the 
10.5u* and 3.0u° bands, but the separation of the 
doublets in the former is 33 cm, while it is only 
1.6 cm™ in the latter. Quantum mechanics 
applied to the problem of symmetrical molecules 
of the type, YX3, indicates that all the // 
vibrational levels are double,® and the separation 
decreases for the higher levels. Multiple levels 
like 2v; and 2v2 will be double, but the separation 
should be so large that the bands will not appear 
double. However the 1.54 band, which satisfies 
the condition 2v2= 6670 cm™, is a close double 
band of 30.3 cm™ separation. The positive and 
negative branches have slightly different average 
line spacings, as is shown by the graph in Fig. 2, 
but this is not uncommon for the symmetrical 
top-type molecule, due to a small energy of 
coupling between rotation and vibration. 

A number of overlapping bands occur at about 
1.34, but only the strong zero branches are 
resolved from the background of fine structure. 
A more thorough investigation of these bands is 
now in progress. 


5D. M. Dennison, Rev. Mod. Phys. 3, 280 (1931). 
® Dennison and Hardy, Phys. Rev. 39, 938 (1932). 


HILBERT J. 


UNGER 


The 1.03u band has two radically different line 
spacings; on the high-frequency side it is 10.1 
cm™' and on the low-frequency side, 17.3 cm 
(Fig. 2). It is hardly probable that this difference 
in spacing is due to coupling between rotational 
and vibrational states, and the two strong lines, 
13 and 14, in Fig. 3A may be the zero branches of 
two unresolved, overlapping bands similar to 
those at 10u. The spacing on the high-frequency 
side suggests the double band, as 10.1 cm™ is 
half the spacing of the // type bands, and 
each line on the low-frequency side is wide enough 
to be an unresolved doublet. 


CONCLUSIONS 


From the above analysis it appears that all the 
ammonia bands are of two types, // and 1, 
as theory confirms, but the multiplicity of the 
higher levels is still to be accounted for. The 
1.54 and 1.24 bands indicate that there is either a 
constant separation of some of the higher 
multiple levels, or that the ground-state levels 
are separated much more than given by Dennison 
and Hardy.® 

I wish to express my appreciation to Dr. A. E. 
Caswell for his interest in and direction of this 
work, 








JANUARY 15, 1933 


PHYSICAL 


REVIEW VOLUME 43 


Pressure Broadening of Spectral Lines. II 


HENRY MARGENAU, Yale University 
(Received November 29, 1932) 


Pressure broadening by foreign gases has been treated 
in a previous communication on the basis of a statistical 
analysis of the van der Waals interaction curves. It is 
now shown that this statistical analysis must necessarily 
lead to the same result as the more common, but less per- 
spicuous, procedure of expanding the modulated frequen- 
cies in a Fourier integral. There is no collision broadening 
which is not included in the effect previously discussed.— 
The effect of light modulations by the momentary screen- 
ing action of absorbing particles is considered.—Extending 


the former results, we have calculated the distribution of 
frequencies within a spectral line broadened by foreign 
pressures, obtaining an approximate closed expression, 
and an accurate function which can be evaluated graphi- 
cally. Agreement with experiment on the Hg line 2537A is 
good, though not entirely unambiguous because of some 
lack of certainty of the molecular constants of attraction. 
More significant, perhaps, is the fact that it is possible now 
to determine the latter from an analysis of the line contour. 





§ 1. 


HE following considerations are partly an 

extension of the results obtained in a 
previous paper! (herein referred to as I), with 
an aim to contribute to the understanding of the 
fundamental mechanism of pressure broadening. 
Again we wish to treat with numerical detail 
only the case of broadening by foreign gases, a 
phenomenon which is essentially simpler than 
that of resonance coupling between identical 
atoms. The theoretical description of the latter 
does not as yet produce satisfactory agreement 
with experiment. 

A very pleasing account of pressure broadening 
has been given by Lorentz in terms of classical 
mechanics. He assumes that, while an atom is 
being forced to vibrate by the incident light wave 
(we are choosing the case of absorption), its 
vibrations are suddenly stopped by collision with 
other atoms. The spectrum of the electrical oscil- 
lations is then no longer sharp; it may be repre- 
sented by the well-known dispersion curve which 
has a half width determined by the average 
‘ number of collisions per second, and hence by 
the diameter of the colliding structures. The 
diameter thus calculated is a perfectly clear cut 
physical concept, and has a definite meaning in 
atomic kinetics. 

In view of quantum mechanics this beautiful 
explanation has become untenable. The best 


1H. Margenau, Phys. Rev. 40, 387 (1932). 


attempt of transcribing it into modern language 
invokes the correspondence principle and pro- 
ceeds as follows: Consider the atom as absorbing 
or radiating continuously, but with a varying 
angular frequency w(/), a function of the time. 
This frequency will depend on the energy inter- 
actions between the atoms. While the absorbing 
atom is far from its neighbors, w will be constant 
and equal to the normal frequency of the atomic 
line; on close approach of a perturber it will 
change. The amplitude of the absorbed fre- 
quencies will then be given by a Fourier analysis 


t 
of exp [7 { w(t)dt]; hence, if J(a’) is the ampli- 
0 


tude of the angular frequency a’, 


J(a’) =const. [ Cexp (if “o(r)ds) Jeet. (1) 


The integration extends over all time. Lorentz’ 
result is now obtained at once by making w(t) a 
step function which has the constant value wo 
for a long time, then changes abruptly to another 
constant value, w:, and finally returns suddenly 
to wo. In this analysis it is necessary, however, to 
neglect the contribution of w,; to the resulting 
frequencies and to regard only the change in 
phase. This procedure also permits a calculation 
of a definite diameter of collision. 

But the modulation of frequencies can cer- 
tainly not be neglected. Nevertheless the problem 
at hand may now be solved at least qualitatively 
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by inquiring, if w(7) is a given continuous func- 
tion of 7, at what time 7’ during the approach of 
two atoms, the frequency modulation amounted 
to a phase change of z radians, while again the 
actual contribution of the varied frequency to 
the resulting spectrum is neglected. If then the 
speed of approach is known, this method allows 
again the computation of a certain distance of 
approach, corresponding to 7’, which has fre- 
quently been termed ‘‘optical collision diam- 
eter.’’? Quite naturally this would be a quantity 
which, if it be inserted as atomic diameter into 
Lorentz’ formula, produces a half width equal 
to that observed. But clearly, Lorentz’ formula 
has little meaning in this case, and the “optical 
diameter” thus computed is a fictitious entity 
without direct significance in atomic dynamics. 
Moreover, the separation of the total effect into 
a phase change and a frequency modulation 
seems artificial indeed. We desire to show that 
it is unnecessary. 

The validity of Eq. (1) in quantum mechanics 
would be debatable if it had no stronger support 
than the correspondence principle. It has been 
shown by Weisskopf,* however, that the probabil- 
ity amplitude of a transition with frequency (a’), 
if calculated wave mechanically to a first approx- 
imation (Wentzel-Brillouin-Kramers method), 
is given by (1). But for the classical w(r) one 
must substitute (27/h)V(7r), where V(r) is the 
energy difference between corresponding points 
on the two potential energy curves between which 
transitions take place. Referring to I, Fig. 1, 


w(r) =(2a4/h) V(r) =(20/h)[En(r)—€(7)]. (2) 


With this value for w(7), therefore, Eq. (1) should 
give correct results for the amplitudes if it is 
rigorously evaluated. 

The point of view’ taken in I appears to be 
entirely different. The spectrum of the broadened 
line is not determined from a Fourier analysis of 
frequencies, but from a statistical analysis of the 


2H. Kallmann and F. London, Zeits. f. physik Chemie 2, 
241 (1929); V. Weisskopf, Zeits. f. Physik 75, 287 (1932). 

3V. Weisskopf, Zeits. f. Physik 75, 287 (1932). 

4 The same point of view is implied in Weizel’s explana- 
tion of the asymmetric broadening of the resonance line 
of He. Cf. W. Weizel, Phys. Rev. 38, 642 (1931). 
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energy curves. Explicitly, the fundamental hy- 
pothesis may be stated most simply as follows 
(for convenience we confine our remarks to the 
case of interaction between two atoms only; the 
generalization to large numbers is considered 
later): The chance that the energy of transition 
of the atom lies within the range between V —}dV 
and V+}3dV is proportional to the length of time 
which the system spends on that part of curve 
n or € (I, Fig. 1) whence a transition within this 
range of energies can occur. In accordance with 
the Frank-Condon rule, only vertical transitions 
need be considered. Thus, denoting this chance 


by I(V), 
1(V)av=cf at (3) 


the integration extending only over the range of 
energies just defined. Strictly, each state should 
be weighted by the Boltzmann factor, but as a 
result of I the effect of this modification is not 
considerable and will be neglected throughout 
this paper. If the speed of approach of the atoms 
is nearly uniform during the motion, dt may be 
replaced by dx in a one-dimensional problem, or 
in general by an element of volume, as was done 
in I. 
Now 


(1/n) [ sin (xd V)eY—-YOltdxy/x=1, (4) 


if V—3}dV=V()=V+3dV, otherwise 0. Hence 
I(V)dV =cfdtSfsin (3xd Vye'’-YOlzdx/x, 


where both integrations extend from —© to 
+o. If during the time of sojourn in the con- 
sidered energy range a spectral line is emitted, 
its frequency will lie in the neighborhood of 
a=27V/h. The intensity corresponding to the 
frequency a is therefore seen to be 


Ka)da=cf f dide sin (}xda)eiez—*#(O2/x% (5) 


with w defined by (2). We will now show the 
equivalence of (1) and (5). 

According to (1), the intensity due to fre- 
quency a is given by 








, 
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a+da/2 
I(a)da= | J(a’) |*da’ 
e/ a—da/2 


at+da/2 {* : t 
-{ [ fe i ‘w(s)ar 
eae a—da/2 e e/0 


» 
_ if w(r)dr+ia' (t’ — ) |udaa’ 


0 


t 
= [ [ away exp lif w(r)dr 
e e 0 


sin [3da(t’—t) ] 





e/ 0 


-if w(s)dr+ia(t —) 


t'—t 


The last integrand is appreciable only where 
t'~t. On the other hand, w(r) is a continuous 
function which does not change very suddenly. 
It is therefore permissible to expand the second 
integral in the exponent as a Taylor series in 
(t’—2) and retain only the first two terms. Thus 


I(a)da= ff atarere—0-iweoree-o 


Xsin da(t’—i)/(t'—2). 


This is identical with (5) if one variable of inte- 
gration is changed from (t’—12) to x. 

Hence the description of pressure broadening 
by a statistical analysis of the potential curves 
must yield the same result as the Fourier analysis 
of the varying frequency. This result is contrary 
to some of Weisskopf’s* statements (and removes 
his objections to the reasoning of Jablonski).’ 
It lends further justification to the considerations 
of |. Furthermore, ease of generalization and con- 
ceptual simplicity would seem to favor the sta- 
tistical method. 

In I we introduced a parameter R, (cf. Fig. 1) 
which was found to be larger than, but compar- 
able to, kinetic theory diameters. This distance 
is not to be confused with the “optical collision 
diameters”’ referred to in this paper, but is, as 
nearly as it is possible to define such quantities 
at present, the distance of closest approach of the 
colliding structures. 

The equivalence which we have exhibited also 
clarifies the question as to the existence of other 
causes of broadening. The statistical analysis of 
potential curves takes account of all inter- 


6 A. Jablonski, Zeits. f. Physik 70, 723 (1931). 
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molecular causes of broadening; one must not 
look for additional effects due to collisions, 
changes of phase, quenching of the radiation and 
the like. In particular, quenching as a result of 
collisions of the second kind should make itself 
felt in a decrease of the integrated intensity of 
the spectral line. Traces of it are clearly to be 
seen in the experiments of Fiichtbauer, Joos, and 
Dinkelacker.*—The only broadening effects not 
included in our treatment are, outside of natural 
line width, only the Doppler effect, and possibly 
the intermittence of the exciting radiation caused 
by sudden screening due to passage of other 
absorbing atoms through the light path. This 
latter influence,’ which we desire to sketch 
briefly, is certainly absent when a foreign gas 
without appreciable absorption for the wave- 
length in question is broadening the line. Hence 
it is not to be considered in connection with the 
calculations in I, but it may be important when 
a gas atom is perturbed by neighbors of its own 
kind, all of which are absorbing. 
§ 2. 

Suppose that the radiation falling upon one 
particular atom is occasionally cut off or dimin- 
ished by another structure passing through its 
line of sight. Let the average period of uninter- 
rupted excitation be +r. We suppose that the 
atom is in its lowest state 1 at t=0 and inquire 
as to the probability that at time ¢ the state k 
be excited. This probability is |a,|?, where a, is 
the k'" coefficient in the development of the 
wave function perturbed by the radiation, in 
terms of the unperturbed wave functions. Let us 
call the latter «;, and the perturbing potential 
of the light wave V. Then, by the method of 
variation of constants, (h/2mt)de= LaiVin, Viz 


being f-u,* Vujdv, with u,=y,e"'*i*". Of the a's 
on the right, neglect all but a, as is customary 
to obtain a first approximation. Putting V =Aex 
sin wt and integrating in the usual fashion, the 








result is 
wiA ex e7 (woe) t 1 
ay= —f ————————— |, 
h Wo9—-W 
wo = (22/h)(E,—E,), 
6 Fiichtbauer, Joos and Dinkelacker, Ann. d. Physik 71, 


204 (1923). 
7 Cf. H. Margenau, Phys. Rev. 40, 1036 (1932). 








132 HENRY 
where a term having wo+w in the denominator 
has been neglected. Therefore, 


|ax|?=22?A%e?| x,|2/h? 
X[(1—cos (wo —w)t) /(wo-w)?]. 


Plotting the term in [ ] against w, the angular | 
frequency of the incident light, it is seen that | 
the ‘resonance width”’ of the line depends essen- 
tially on ¢, the time during which the light was 
allowed to strike the atom. The value of 
Aw=wo—w for which |a;|* reduces to } of its | 
maximum value is found by solving the relation | 


4(2/2) =[1—cos (Aw-t) ]/(Aw)?. 


This gives Aw = 2.79/t. 
Assuming now ¢t=7, we find for 2Ap, the half 
width of the line in frequency units, 


2Av =0.89/r. (6) 


It may be of interest to observe that (6) has the 
same form as the well-known Lorentz formula, 
if + is interpreted as the mean time between col- 
lisions. The physical cause of the breadth is 
entirely different, however. The formal analogy 
is not to be interpreted as logical identity. (6) can 
also be obtained by writing down a Fourier | 
analysis of an intermittent light train with 
periods of luminosity 7. But there seems to be 
no satisfactory way to justify this procedure. 

In experiments, such as the broadening of the 
D-lines by Na vapor, 7 will diminish with 
pressure, and effect (6) is to be taken into con- 
sideration. 


I(V)dV =- (= “) f- ff 
a = Metal 


—————e 
The space integrations in (8), for which no 
limits are stated, extend between R,, the distance 
of closest approach, and R defined by 47R*/3 =v. 
An examination of the integrand will show that 
it is permissible to replace sin (}pdV)/p by 3dV 
(in spite of the infinite limits for p). Putting | 
B/r°=E, and —(22/3v)(6'/E*!) =u(E), (8) takes | 
the form 





sin (}pdV) 
dp ——— 


n 
tne dp. 
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§ 3. 

We now return to the case of broadening by 
foreign gases with a view to determining the 
actual shape of a broadened absorption line. 
First, it is necessary to adapt (3) to the treat- 
ment of a large number of perturbing elements. 
If the Boltzmann factor is neglected and the 
motion between two collisions is considered 
the time integration in (3) must be 
replaced by an integration over that part of the 
configuration space of all perturbers in which a 
transition will have the energy V. Let 7;-- 
be the distances of the ” perturbing atoms from 
the absorbing one, v their total volume. Inserting 
the correct constant c, (3) then becomes 


uniform, 


I(V)dV = (42r/v) rere?++ +r, 2dry-+-drn 
dee: » 


Henceforth we shall mean by V not the total 
energy of transition from curve 7 to e, but the 
difference between the latter and V.,, so that V 
measures the deviation of the transition energy 
from its normal amount. This requires no change 


| in the form of (7). V is now the sum of the con- 


tributions of all perturbers, each of which is 

proportional to 1/r°. Calling the constant of pro- 

portionality 8 (in the notation of J, B=a—d), 

V(t) =8>-(1/r;). (7) may again be written as an 
i 


integral over all configuration space if the in- 
tegrand is multiplied by the Dirichlet factor (4). 
Then 


~(1/ ri®) |ri?+ + +r 2dry-++dry 


exp [ —iVp+ Be2. 


d n 


V ae . 
— | e vel feruceae d 
T e e 


2 oa 


I(V)dV= (9) 


where the integration in [ ] is to be carried from 
B/R,° to B/R®. u is of the nature of a statistical 
weight, and we observe that fu(E)dE=1.° 

An approximate calculation of (9) which shows 


8 Exactly, it is 1 —4rR,3/3v. 
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the line shift but not the asymmetry of the 
intensity distribution can be made as follows. 
Call the integral in [ ], f(p). Put 


SE-u(E)dE =428/30R3=E. 
Then, if we define ¢(p) =e~‘#°- f(p), 


(10) 


*c0 


I(V)dV=dV/2x | eE-VI 0 op) Jndp. (11) 


| ¢(p)| is always smaller than const./» as follows 
from its definition. Hence one may expect to 
approximate (11) by expanding[ ¢(p) ]" in powers 
of p. If F(p) =log ¢(p), then 


[o(p) ]»=er?, (12) 
But 


F(p) = F(0) + pF'(0)+30°F'"(0)+---. 


Now ¢(0)=1, ¢/(0)=0, y’’(0) = —476?/90R,’ 

= — s*; therefore F(0) =0, F’(0) =0, F’ (0) = — s*. 

Putting this in (12), and (12) in (11), we obtain 
oy if”... - 

I(V)dV =— | ene Ving nt Fi2d y 


2r J_. 
dV 


_ e (nE- V)*/2ns° 
s(2xn)! 


(13) 


This is a Gaussian distribution with its maxi- 
mum at V=nE8, i.e., a shift of the maximum of 
nE energy units, or nE/h frequency units, which 
agrees with the results of J if the Boltzmann 
factor is neglected (cf. I, Eq. (24)). The half 
width corresponding to (13) is given by 


1.36 sn 4a i B 
Ted a) 
R,° 


h 9 3 
This formula, of course, cannot be correct since 
it neglects the actual asymmetry of the dis- 
tribution, but it gives the orders of magnitude 
of the experimental half widths® quite well and 
may be used in estimations. (R; can be deter- 


(14) 
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mined independently from the shift, and 8 may 
be obtained by the methods of I.) The difference 
in the broadening effects of the different rare 
gases found by Kunze’ is in qualitative agree- 
ment with (14). 

We shall now carry through a more accurate 
evaluation of (9). There seems to be no way of 
expressing it in a closed form; final resort has 
to be taken to graphical integration. By using 
the previous notation, (9) may be written 





1 2 
uvy=— f e~ ‘Yel f(p) |"dp, (15) 
2rd_.. 
where ‘ 
Qn B/R eiek 
f(p)=- a —= Ge (16) 
3v . E32 
and where we have used the abbreviation 


B/R,°=y. Let us also put py=x, and (47/3)R;° 
=7\. 

Changing the variable of integration in (16) 
to pE =u, and integrating by parts, one obtains 


i) R pin ) 


Qe sBxy ic elm) reir R 
f(x) =— ( ) {2- -| ~2i | — dut 
3u \y¥y L wi. J. ui 


v1 V1 Ogiu 
=1—-— e'*-1i- x) — du. 
v v - us 


The remaining integral on the right is a com- 
bination of Fresnel integrals, for which tables are 
available. We use the notation of Jahnke and 
Emde” and find for the last expression 


f(x) =1—(v1/v)[ (22x)! S(x) +c0s x] 
+ i(v,/v)[ (22x)! C(x) —sin x]. 





\f(x)| <1 for all x, hence it can be justified to 


replace [ f(x) _]" by 
exp [ —(nv;/v) { (22x)'.S(x) +cos x 
—i(2nx)'C(x)+i sin x}], 


even under the integral (15), which then becomes 


NV, 
f 





1 co 
1(V)=— { exp [— 
2 


Ty /_. v 


r 


{(22x)4S(x)+cos x—i(2rx)iC(x) +i sin x} —i—x ]dx. 


Y 


Noting the relations: C(—x)=iC(x), S(—x) = —iS(x), the last expression takes the final form 


®*P. Kunze, Ann. d. Physik 8, 500 (1931). 





| 0 Jahnke and Emde, Funktionentafeln, p. 23. 
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1 ane nv, 
I(V) ---| cos k ((22x)#C(x) —sin x) — 
v 


TY” 0 


V nv 
— | Xexpl — nie | (2rx)!S(x)+cos x} |dx. 
¥ 
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(17) 


9) 


¢ 


This is no longer a symmetrical distribution. For large V, J takes on small but finite values. 
If V=0, however, J =0, as can best be seen from (9) if it is written 


1 aw a 
re { dpe iV s | efP (Hit Est+En) x u(E,)---u(E,)dE,---dk,. 
Te =~ e 


If now the integration over p is carried out, the result is 


1 in{A(>-E-—V 
= foo fu(tiys nega -aBy-{ tim" (2 2 . 


Next integrate over E,. The result will be 0 


n—1 


unless the point E,=V—>> £; is included in 
1 


the range of integration. But all E’s are >0, 
since they lie between 8/R,° and 6/R*®. Hence 
the result is different from 0 only when V >0. 
One can also show by direct calculation that 
the center of intensity of the line is shifted from 
0 to (nv,/v)y, as was also found previously. 
But this, together with the fact of asymmetry, 
implies that the shift of the maximum is smaller 
than that amount. The quantity measured exper- 
imentally is the shift of the maximum,‘ and not 
that of the center of intensity. To this extent the 
numerical computations in I, where the latter 
two were considered coincident, require revision. 
Experimentally, the intensity does not fall to 
zero at the position of the undisplaced line. The 
reason is obvious: Referring to |, Fig. 1, we are 
neglecting all transitions to the left of R;. But 
these are predominantly of larger energy than 
E at infinite separation. Hence it is clear that 
our simplified interaction model, in which the 
inner part of the energy curve is replaced by a 
straight line, is incapable of producing shifts to 
the blue, while rendering properly the interac- 
tions at larger distances of separation which are 
responsible for red shifts (in the case of Hg per- 
turbed by gases). Furthermore, the assumption 
of uniform motion between collisions does par- 
ticular violence to transitions taking place on 
the inner portions of the curves. But these 
idealizations cannot be avoided in a reasonably 
simple way. Eq. (17) should portray correctly, 
however, the shift of the maximum and the 
asymmetries on the red side of the line. 








A-c YL E- V 

Fig. 1 of this paper shows the result of a 
graphical integration of (17) for a value of n/v 
corresponding to an actual experimental case. 











Fic. 1. Solid curve: Experimental absorption contour of 
Hg 2537 broadened by 50 atm. of N>-pressure. (Fiicht- 
bauer, Joos and Dinckelacker,* Fig. 5, p. 215.) Broken 
curve: Eq. (17), plotted for the same pressure, with 
8=47 voltsXA®,* Ri =5.6A. 


The result is particularly satisfactory since no 
great effort has been made in selecting values of 
R, that would produce the best fit. More sig- 
nificant than this agreement, perhaps, is the fact 
that it is now possible to determine the molecular 
constants R,; and 6 by analyzing the intensity 
distribution in pressure broadened lines and 
fitting it by adjusting the constants in (17). This 
procedure would lead to interesting correlations 
with other phenomena, when sufficient experi- 
mental data are available. 





* This value results if in Eq. (19b) of I the sum of the 
f’s for Hg is set equal to 2.7 instead of 2, as was done in the 
paper. Cf. also footnote 11 of I. 
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A Precise Determination of the Thermal Diffusivity of Zinc 


RICHARD H. Frazier, Massachusetts Institute of Technology 
(Received December 2, 1932) 


Results are given of tests to determine with precision 
the thermal diffusivity of a very pure sample of zinc. 
The over-all probable error is shown to be 0.13 percent. 


The method of test was presented in detail in a former 
paper. 





N order to demonstrate further the method 

developed for the precise determination of the 
thermal diffusivity of solids' (which until the 
instance of the tests herein reported had been 
applied only to nickel rods) tests were made on a 
rod of very pure zinc.” The rod had the following 
analysis 3 


Cadmium 0.000 percent 
Iron 0.003 
Lead 0.000 
Zinc (by difference) 99.997 


Six runs gave the results in Table I, uncor- 
rected for pendulum calibration. From these data 

















TABLE I. 

Run p(sec.~‘) 4T Average T 
37 0.004,992,5 +0.000,003,2 5.67°C 23.74°C 
38 0.005 025.0 +0.000,002,5 5.47 23.82 

39 v.004,978,9 +0.000,001,6 5.07 23.67 

40 0.004,979,4 +0.000,001,6 6.56 24.48 

42 0.004,96 1.6 +0.000,902,8 5.70 24.04 

43 0.004 ,979,8 +-0.000,002,5 5.45 25.32 








' See Precision Method for Determining the Thermal Dif- 
fusivity of Solids, Phys. Rev. 39, 515 (1932) and Further 
Data on the Thermal Diffusivity of Nickel, Phys. Rev. 40, 
592 (1932). The method and apparatus whereby the results 
reported here were obtained are explained in these papers. 
The symbols used here are defined in the first paper. 

* The rod is of cold rolled, unannealed ‘Bunker Hill Zinc” 
supplied by courtesy of The Platt Bros. & Company, and 
ground to precise uniform diameter by courtesy of Cincin- 
nati Grinders, Incorporated. The Platt Bros. & Company 
furnished also the sheet zinc used in the apparatus. The 
inner zinc guard tube was furnished by courtesy of the 
United Wire and Supply Corporation, and the outer zinc 
guard tube by courtesy of the Fulton Sylphon Co. 

’ Analysis by Arthur D. Little, Inc. The impurities deter- 
mined are the ones normally expected in commercial zinc. 
A weighable amount of cadmium could not be found in 31 
g, nor a weighable amount of lead in 8.643 g. The precision 
of the determination of the iron is estimated to be within 
0.0005 percent, i.e., 0.003 +0.0005 percent. 


the most probable value is, p=0.004,986,2 
+0.000,005,8 sec.-', and the application of the 
pendulum correction factor of 1.000,63+0.000,05 
gives finally, p=0.004,989,3 +0.000,005,8 sec.~'. 
For this specimen, L=14.001+0.001 cm and 
p=7.144+0.004 g-cm™; and since p=kn*/4cpL? 
=a'n?/4L?, 


a? = 0.396,4+0.000,5 cm?- sec. 
and 
k/c=2.832+0.004 g-cm~!-sec.~!. 


Results obtained for k and ¢ by other experi- 
menters* give values for k/c ranging from 2.79 
to 3.00, depending upon the combinations used. 
The thermal conductivity data are scattered over 
a range of nearly 2 percent, the figure given by 
the International Critical Tables as the ‘‘best 
value” and the figure given by the Reichsanstalt 
being at the upper and lower extremes, re- 
spectively. The specific heat data are scattered 
over a range of nearly 5 percent. However, the 
data relate to samples having various states of 
purity and produced by various manufacturing 
processes. In comparison with these variations, 
the figures reported for density of rolled zinc 
vary only slightly. 

The tests reported here were made during the 
past summer, so that conditions were quite 
similar to those for nickel rod C, the first rod 
reported upon, i.e., the ambient temperature was 
approximately the same, obtained naturally, 
without the use of the blower outfit previously 
described, and the water temperature fluctuated 
almost inappreciably. In only one run, No. 43, 


‘ The results of a number of determinations of thermal 
conductivity, specific heat, and density (as well as many 
other properties) of zinc are summarized in Circular of the 
Bureau of Standards, No. 395, Zinc and Its Alloys. 
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was a slight correction applied because of a 
change of water temperature. A difference which 
did exist between the conditions for the tests on 
the zinc rod and those on the nickel rods was that 
the vacuum was 1.5 to 2.5 microns of mercury 
for the former as compared with 1 micron or less 
for the latter. Therefore a small correction was 
applied to the data of each run to compensate for 
the effect of the increased lateral flow of heat. 
The design of the apparatus was substantially 
the same as for nickel rod D, the second rod 
reported upon, except for a change in the length 


RICHARD H. 





FRAZIER 


of the specimen and hence also the guard tubes, 
in order to keep p roughly the same size as for the 
nickel rods. Small constantin wires were used to 
form the thermocouple with the zinc rod. The 
junctions of the constantin with the copper leads 
to the galvanometer were laid very close together 
between large metal blocks (from which they 
were electrically insulated) and so introduced no 
appreciable net electromotive force. 

The writer wishes to express thanks to Mr. 
Joseph Eisler for making most of the calculations 
involved in obtaining the foregoing results. 
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On Some Applications of the Absolute Differential Calculus to Physics 


Cart Kaptan,* Princeton University 
(Received October 15, 1932) 


By means of the tensor analysis, coupled with the first 
fundamental theorem on the invariants of orthogonal trans- 
formations, expressions, independent of the particular type 
of coordinates used are derived for Hooke’s law in elasticity 
theory and for the constitutive relations in electromagnetic 
theory. It is shown that these two laws are but special cases 


of a more general physical law connecting, in a linear way, 
the components of two tensors having physical signifi- 
cance. It is to be noted that in the case of Hooke's law for a 
transversely isotropic medium, six independent coefficients 
of elasticity are involved instead of five found in the cor- 
responding classical expressions. 





HE aim of this paper is to show that by 

means of some elementary concepts of the 
tensor analysis, certain physical laws may be 
easily expressed in a manner independent of the 
particular type of coordinates used to measure 
the quantities involved. 

Let us suppose two covariant tensors @,,, Dy, 
of rank two, and having physical significance, 
to be so connected that the components of one 
are given by linear combinations of the com- 
ponents of the other; that is 


a Ae 
byp= Cy udas- 


(a, B, y, m=1,2, +++, m). (1) 


Thus, if b,, and a,, are, respectively, the com- 
ponents of the symmetrical stress and strain 
tensors, then Eq. (1) states Hooke’s law for 
elastic media. The connecting tensor c*% then 
represents the elasticity tensor and depends on 
the nature of the medium in question, i.e., 
whether isotropic or crystalline. Again, if b,, and 
ay, are the components of the two fundamental 
electromagnetic tensors (in this case n»=4) then 
Eq. (1) represents the constitutive electromag- 
netic relations of the medium. The connecting 
tensor c%8, in this case, represents the dielectric 
tensor, and its explicit functional form again 
depends on the nature of the medium in question. 
In a previous paper by the present author and 
F. D. Murnaghan,! the tensor c¥8 was supposed 
to be determined not by its contravariant, co- 
variant, or mixed components relative to a 
Riemannian space R,, but by its equal number 
of projections on the directions belonging to two 


* National Research Fellow. 
1 Kaplan and Murnaghan, Phys. Rev. [2] 35, 763 (1930). 


orthogonal ennuples w and @ located at the 
point P(x) where the tensor was considered. 
Thus by definition we have? 


a8. 7.9 
Cijhk= CaByprid; Arr‘ (2) 
™ ~a~8—7 —p 
and Ciink= CabvaXi Aj An XK, 
where the two ennuples w and &@ are connected by 
the linear orthogonal transformation 


i= Lair; or Aija= Laijrjja- (3) 
j=1 7=1 


The quantities a;; are invariant functions of 
the coordinates (x). In fact a;; is the cosine of the 
angle between the directions \; and \; as may be 
seen by solving either one of Eqs. (3), which, 
together with the conditions of orthogonality 

e_ t , tan? if txt) 
Nijad;= 4; ( where 6=1 if i=j (4) 
yields 
Oij= Nidj1a= Nijadj- (5) 


By means of the conditions of orthogonality of 
the ennuples w, @ 


Trisdi=s3 and Led; = 5s 

= i=l 

we solve Eqs. (2) for the tensor components Casy, 
and obtain 


n 
Ca8yu= DL CijnkAiladjisAnlyAkIa 
ijhk=1 


(6) 
= DL CijnwditadjAntyAew- 


tjhk=1 


? The latin indices indicate the ordinal numbers of the 
ennuple systems, and the greek indices denote contra- 
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HooKke’s LAW FOR A COMPLETELY IsOTROPIC 
ELaAstTic MEDIUM 


By complete isotropy with regard to a point 
P(x) of an elastic medium, we mean that the 
structure of the medium is independent of direc- 
tions issuing from that point. This is equivalent 
to the statement that corresponding projections 
of the elasticity tensor on the directions of the 
ennuples w and @ at P(x) are equal; or that, 
Ciink=Cijnze for the orthogonal rotations repre- 
sented by Eq. (3). 

It follows from Eq. (6) that 


3 
Capyp= Lo CijnkNiladjisAn|yAkin 
ijhk=1 > 
‘ TR ares (7) 
= DL CijnedipadjipAnyAklue 
ijhk=1 


However, in order for this equation to be valid 
for arbitrary rotations of the @ into the w en- 
nuple, the interrelations of the c;;,, must be such 
that only combinations of their coefficients \jlq 
(or Xia) invariant with regard to the trans- 
formations represented by Eq. (3), appear on 
the right-hand side. 

According to the first fundamental law con- 
cerning invariants of orthogonal rotations,’ only 
the following types of ennuple invariants exist 
for the general orthogonal rotation of the @ 
into the w system: 

(a) The first type is the vector product of 
(in this case n= 3) vectors 


ria Ars Anty] Arte Arie Atty 
€apy=|Azia dAz2ig Aaiy|=lAzia Aza Azty| (8) 
Asia Asis Asiy| JAsia Asis Asi 


and is seen to be antisymmetric in all its labels 
a, B and y. The absolute value of its single inde- 
pendent component? is g'/* where g is the deter- 
minant of the coefficients g.3 of the fundamental 
quadratic form ds*= gagdx*dx* of the R3. 


variance or covariance. As usual, repeated upper and 
lower greek letters denote summation while the sign = will 
be used to indicate summation relative to latin indices. 

3 Weitzenbéck, Invarianten-Theorte, Ab. XI, p. 262. 

4 Levi-Civita, The Absolute Calculus, chapter VI, p. 156. 
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(b) The second type is the scalar product of 
two covariant vectors 


3 
DLAijariis- 
i=1 
This bilinear form gives the connection 
between the coefficients gag of the ds* and the 
elements of the ennuple w (or @). Thus 


3 a 
Las= DL Vitadijs= DAijardils- (9) 
i=1 i=1 


Since Eq. (7) contains the elements Aja (or 
Xsla) in products of four at a time, only the 
second type of ennuple invariant, gas, may 
appear therein. Accordingly, the most general 
form for the elasticity tensor Casy, under the 
conditions stated is 


(10) 


where J,, J. and J; are three independent in- 
variants related to the ¢;ja,. 

Since the stress and strain tensors 7,, and e,, 
are both symmetrical, it is permissible without 
any loss in generality to suppose Cas,, to be sym- 
metrical in the pairs of indices a, 8 and y, u. 
This condition leads us to the relation J2= TJ; so 
that 


Casyu= Ti Zas8yu+ Lo8ay83ut 1 s8anksy 


CaByu— Tasyut+ To(2a7¥3u + Sau8sy)- 


By raising the labels a, 8 to contravariance we 
obtain the tensor 


ag af a .B a 8 

Cyp= lig Sut [2(b,6,+ 56,6, ), 
and inserting this expression for c34 into Eq. 
(1), at the same time replacing },, by 7,, and 
a,, by e,,, we obtain a statement of Hooke’s law 
for a completely isotropic elastic medium in a 


form independent of the particular type of coor- 
dinates used. Thus, we obtain 


Vy y= AS gypt2mey, (Y; = 1, me 3) 
where A=J,, w=J2 and J= g*% eas. 


(11) 


When the R; degenerates into a rectangular 
cartesian system, Eq. (11) assumes the classical 
form of Hooke’s law. Thus, since the gy, now 
equal 1 or 0 according as y=y or y#u we have 
that 


Tr2=AJ+2yezz; Ty2=2pey: 
Tyy=ATJH+2peyy; T22= 2uezz (12) 
T22=AJ+2ye.2; Try=2yecy 


where J=ezrtCyytecez. 
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HooKkeE’s LAW FOR A TRANSVERSELY ISOTROPIC 
MEDIUM 


In this case we have elastic symmetry about 
a line passing through the point P(x) of the R; 
where the tensors involved are considered. Let us 
suppose this line to lie along the third edge \; of 
the ennuple w fixed at P(x), and then allow the 
remaining two directions to be rotated about \3 
in an arbitrary manner. This means that we pass 
from the ennuple w to another orthogonal one @ 
formed by two other directions \j, Ag also issuing 
from P(x) orthogonal to \3 and to one another. 
We then ask that Eq. (7) be valid for all such 
rotations. 

Limiting the values of j in Eq. (3) to 1 and 2, 
for both of which aj;=a3;;=0, we can take the 
sum on the right-hand side only to 2 and thus 
obtain the following equations of transformation: 


Nsia=Asie (a=1, 2, 3 and i=1, 2) 
(13) 


9 
Nile > aijAjie- 
?=1 


Again, according to the first fundamental law 
for orthogonal rotations only the following three 
types of ennuple invariants exist for the arbitrary 
rotations represented by Eqs. (13): 

(a) The first type is simply sia= Asie 


two vectors 
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Arte Aus! Pte Aus 
Asia Aeisl [Acie Asis 














From the definition of \3 as the reciprocal 
element of \3i. (its minor in the determinant of 
the d3).'s divided by the value of this deter- 
minant) and from the definition of the €as, 


tensor, we obtain the relation 
tla Aila Anis 


No la Xo ig 


Ails 


(14) 


y 
= €aByA3- 














Asia Anis 


(c) The third type is the scalar product of 
two vectors 


2 
DA tjaAiys- 
i=1 


This bilinear form is connected with the 
coefficients of the quadratic form ds* in the fol- 
lowing way: 


2 i 
DLAijedi i= DV Aijadi1s= Las — AsjaAsis- (15) 
i=1 


i=1 


Again, in order that Eq. (7) be valid for the 


| group of rotations represented by Eq. (13), the 


interrelations of the c;;,, in Eq. (7) must be such 
that only the above three types of ennuple in- 


| variants appear as their coefficients on the right- 
(b) The second type is the vector product of | 


hand side. The most general expression for the 
tensor Casy, conforming with these conditions is 


Ca8yu— A AsjaA3igA3}yA3Iu +B 1€a8p Cypedsr3 +B, Carp €sueA3\3 + Bs Eup €syoA3A3+ Ci €appA3ASIqA3ip 


+ C2€qupA3Asia319 + C3€aypA3A31aA31ut Cs€appA3A3/pA31y + Co€sypAsAsIaAS int Co€supAsAslaAsiy 


+D, Easy 327 u +Dz €yppA28ap +Ds3 EaypA38eu +Ds, Eaupd3¥ ey +D;,; €pypA3Zay + De €pupA3Zay 


+ Ei gagd3\y3 1p t+ L287 yA3jar313 + LagayAsisr3ju + Lsgayd3igr31y t+ EsgeyAsiar3iu + Hegpyrsiarsiy 


+ F iZasfyn + FQay8iu + F 32aukpy- 


Since the stress and strain tensors are both 
symmetrical we may, without any loss in general- 
ity, impose on the elasticity tensor Cas, the fol- 
lowing conditions of symmetry, 

Casyn— CaBuy— CBayu— CaBuy 


and obtain the following relations between the 





Casyu= F igapgyut Fo(Say¥8u+ Sankey) + Eigapr3yA3\p+ E2gypAsiarsigt E3(SayAsipr3iut LayrsipA317 
+ g8yAsjaA3\u+LeuA3\aA317) +D3(€aypd38u+ €aupd3ay+ €sypA3Sant €Bupd3Zar) 


+ C5(€aypA3A319ABIut EaupASABIBASIY + EsypASABI@ASI AH EsupASABIaASIy) 


(16) 
invariants A, B,, ---, Fs; 

B= C.= C.=D,=D.=0; B.=B;=B > 
C3= C.=C;= CG: D;=D,=D;=Ds; 
E;=E,=E;=E.; Fe= Fs. 

Eq. (16) then takes the form 
(17) 


4+-B( €ayp€BpeA3\3 + €anp €ByeA3A3) +A AsjadsisA31yA31p° 
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We note that when we reverse the direction 
X3 to —X3 this expression remains unchanged and 
is therefore invariant with regard to both ar- 
bitrary rotations and reflections about the direc- 
tion \3. We see that only nine independent coef- 
ficients of elasticity are involved. 

From the principle of the conservation of 
energy, the stress components 7,, are derivable 
from a potential energy function P where P is a 
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quadratic form in the components of the strain, 


€y,. That is 


B vu 


ap Y 
P=Capyye € 


and 
an a8 a8 
Tyy= 2OP/Olyp=Cypape = Cyulas- 


This remark allows a further condition of 
symmetry on the tensor Casy,, namely Cagyp= Cypass 
and leads to the relations -,= E2, D3= C3;=0. 

Hence 


Casyu= FigasSyut+ Fo(Say¥8u+ Sauksy) +Ei(gapr3iyA3in t+ ZypAsiarsis) +E3(gayAsipr3iut Lawr31B317 


+ gayAsiaAsin t+ gauAsiaAsiy) +B (€ayp€sued3d3+ Eaup€syorsr3) +A AsiaAsisrsiyAsin» (18) 


leaving only six independent coefficients of 
elasticity. 
Raising the indices a, 8 to contravariance and 


inserting the resulting expression for c%%, into Eq. 
(1), we obtain the following tensor expression of 
Hooke’s law for a transversely isotropic medium: 


Tyu= Filgyy+2Feeyut Ex (dstAsial +8ynJ) + 2Es(eypd3sin t+ eupdsAsiy) 


where J= 2 Cap and J= esas. 

When the R; degenerates into a rectangular 
cartesian coordinate space, so oriented that the 
positive z-axis coincides with the direction of 
symmetry 3, then since g,,=0 or 1 (according 
as yu or y=xn), AS=AZ=Aszi=Aszi2=O and 
\3=Asis=1, Eq. (19) takes the form 
T22= Fy (Cret+eyytez2) +2 Feezz 

+2Bey,+Fiez:2, 
Tyy= Fi (€@ret+eyytee2) +2Bezz 
+2 FroeyytFiez:, 
T22= (Fi +E)) (ez2teyytez:) 
+ (2F,+A +Fi+4Es)e:., 
Ty2=2(FotEs)eyz; T 22=2(FotEs3)e223 
T y= 2(FotBh)ezy. 


(20) 


We remark that these equations differ from 
the classical ones in that in the latter the coef- 
ficient B, equals zero. However, our analysis 
shows that B is in general different from zero and 
hence there exist six, and not five, distinct coef- 
ficients of elasticity. 

THE CONSTITUTIVE RELATIONS IN ELECTRO- 
MAGNETIC THEORY 


We now propose to obtain in a manner cor- 
responding to that for Hooke’s law a general- 





ag o 
+2Beayp€sue€ A3A3t+AIAsiyAsiy» (19) 
ization of the constitutive equations 
B=pll and D=ck. (21) 


It is known that in a space of four dimensions, 
electromagnetic phenomena are described by 
means of two fundamental antisymmetric tensors 
of rank two. The first of these, a,, consists of the 
magnetic induction and the electric intensity 
vectors B and E, respectively, in such a way that 
when the metric of the Ry is a Galilean one; 
Q23= B,, asi= By Qi2=B,, a= cE,, do= cE,, 
d39=cE,. The second one, b,,, consists of the 
electric displacement vector D and the magnetic 


intensity vector H in such a way that b:3= —D,, 
by=—D,, be=—D., bi=cH,, boy=clHl,, 
bso= cH... 


We wish now to find out what structure must 
be assigned to the R; so that the resulting Eq. (1) 
reduces to Eq. (21) when the R; degenerates into 
a Galilean space-time. 

Let us consider a point P(x) of our medium. 
In the immediate neighborhood of this point we 
may suppose the metric of the R; to be pseudo- 
Euclidean. This means that the metric of the R, 
must have an index of inertia three, which implies 
that in every set of four mutually orthogonal 
directions drawn from a given point, three are 
space-like (ds?>0) and one is time-like (ds? <0). 








ABSOLUTE DIFFERENTIAL CALCULUS 


Because of the indefiniteness of the metric, various 
formulae used in this paper are slightly general- 
ized. Thus the conditions of orthogonality of 
four unit vectors become 


Zas\idj=e:8; (i, j=0, 1, 2, 3) 


where e,;=¢2:=e3= —1 and em=+1. 


Let us now associate with the point P(x) a 
given time-like direction defined by the unit 
vector AS and suppose the three space-like direc- 
tions Aj, A, and 3, orthogonal to A» and to one 
another, to be rotated about it. This means that 
we pass from the ennuple w to another orthogonal 
ennuple @ formed by three other space-like 
directions \;, 42 and 3, also drawn from P(x), 
orthogonal to A» and to one another. The rela- 
tions which express analytically the arbitrary 
rotation described above are 


Noja= Nola 


= 3 
Nia= > Ginrcle (4, R=1, 2, 5 
k=1 


According to the first fundamental theorem on 
orthogonal invariants only the following three 
types of ennuple invariants exist for the fore- 
going group of rotations: 

(a) The first type is simply Xoja= doje 

(b) The second type is the vector product of 
three vectors 
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Arta Anis Aaty| 
\Acia Azis Asyty| 
Asia Asis Asiyl 


where, in exact correspondence with the case of 
three dimensions, we have that 


Arta Are Arty} [Aria Ars Atty 
Capyeho= [Acie Asig Asiri=lAsie Aay Asiq/- 
Asia Asia Asie [Asia Asis Aa 


(c) The third type is the scalar product of 
two vectors 


3 
Ld laAi 1B» 


which is connected with the coefficients gas of 
the ds? in the following way: 


3 3 
NojaAois a le >A, lai ig— > Aitedi |B- 
t=1 i=l 


Since the equation 
3 


» 


i,7,4,k=0 


Cafyn= CijnkdijadjiprrjyAkin 


3 i — — — — 
dD CijnrdijodjisAntyAKIp 


1,7,h,k=0 


is to be valid for the group of rotations Eq. (22) 
the expression for Casy, involves the Ajie’s (or 
Niles) only in the three invariant forms listed 
above. It follows then that the most general 
form for Casyy is 


CaBy un K Xo jadoipdoryo1p +Ky €aBypdodo1et Ke €py upAoAola + K3€, yapAodois +K, €pappdodo ty J \Zaso1yAoip 
+ F284 uojado1s + J sBayAoisotp+ J sGauropro1y + J sLsyAoiadoin + J 6Lsurotadoiy +L iLaslrn 


There remain, therefore, only 14 independent | 
invariants K, K,, ---, L3; but since the two 
fundamental tensors a,, and b,, are antisym- 
metric, we may suppose the dielectric tensor | 
Cagy, to be antisymmetric in the pairs of indices | 
a, B and y, u. This remark leads to the following 








+ LegaySeut Lskanksy- (23) 
relations: K=0; Ke=—K3; Ki=—Ky; Ji=Je 
= (0; J3;=—J;; Js= — J; L,=0; L2=—Ls, and 
so reduces the number of independent coeffi- 
cients to five. 

The expression for Casy, then becomes 


> > p 
Casyn— K 1 ee Oe = ev Oe + K 2( €synpodo ja— €y uapAodo i) + J 3(Zaydoiso1n .% £ByNojado1n) 


+ J 4(Zaydoisro\y — Lauro tadojy) + Le( Lay8su — Lanksy)- 


We note that when the direction of symmetry is | 
changed to —Xp» the terms multiplying K, and 
Kz also change sign while those multiplying Js, 
J, and Lz remain unaltered. We now assert that 


(24) 


the character of the dielectric tensor is such that 


_ its components change in sign when we reverse 


the direction A». That is, Casy, is a relative in- 
variant of weight unity with regard to the 
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rotations and reflections given by Eq. (22). It 
follows then that Js= J;= L2=0 so that 


™ p p 
Casyu— K 1( €a8ypAoAO| yp — €ExappAoXo Iv) 


+ Ko(€syupdoNola— €yyapAorojs)- (25) 


We insert this expression into Eq. (1) and 
obtain 


. p p 
bas= |K 1( €asypAoAo| u — €yaBpodoly) 


+ K2(€syupdodoja sa dvaniaheu) ae = 


This form for the constitutive relations is 
equivalent to the expression usually found in 
treatises on the subject.’ Thus multiplying both 
sides of Eq. (26) by e7> and summing over 
a, B we find that 


(26) 


6 bag = (1/u)a™ 


ba C) a 
+(€—(1/p))(dorojad —Dodojel ) 
or putting ¢%7°},3,= BY and lowering the labels 
y, 6 to covariance we obtain 
pB,s=dys+(€u—1)(AopyAolsa — AolsAvl ya). 
Let us now suppose our R, to degenerate into 
a Galilean space-time given by 
ds*= cd" —dx’—dy’—d=’, 
and furthermore let us assume the origin to be 
at P(x) with the axes so oriented that the 
positive f-axis coincides with the direction Xo. 
Eq. (26) then assumes the form 
5 W. Gordon, Ann. d. Physik [4] 72, 422 (1923.) 
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and comparison with Eq. (21) yields the relations 


e=2K, and w=-—1/2Kz. 


We thus see that a completely isotropic 
medium in physical space of three dimensions is 
to be considered as transversely isotropic when 
viewed from the point of view of four dimen- 
sional space-time, the axis of symmetry being 
determined by the direction in which the par- 
ticle of the medium at P(x) is moving. 

However, if the medium is completely iso- 
tropic in space-time, then the dielectric tensor 
Casyyn Must be independent of the elements of the 
ennuple at P(x). Putting Ki= — Ke in Eq. (25) 
we have that 


» p p 
Ca8yu= Ki(€apypAodoip — EvaspAoAoly 


p p 
+ €y papAoAo 18 — €By upAoAo tla) 


. p . ° 
and replacing €agy,\0 by its equivalent 








Alle Asta Asia 
Aris ais = Asya}, ete. 
Maly Azly A3ty 


we see that 
Ca8yu— K 1 €aByu- 
Therefore 


bes = Rien. 

The relation K,;= — Kye or eu=1 is Maxwell’s 
well-known auxiliary relation between the dielec- 
tric constant « and the magnetic permeability 
coefficient » and is characteristic of empty space. 

The mode of treatment of this problem was 
suggested by Professor H. P. Robertson to whom 
I wish to acknowledge my indebtedness. 
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Prompt publication of brief reports of important 
discoveries in physics may be secured by addressing 
them to this department. Closing dates for this 
department are, for the first issue of the month, the 
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VOLUME 43 


THE EDITOR 


twentieth of the preceding month; for the second 
issue, the fifth of the month. The Board of Editors 
does not hold itself responsible for the opinions 
expressed by the correspondents. 


The Mass of the Neutron and the Constitution of Atomic Nuclei 


One of the great difficulties in the theory of atomic nuclei 
is to account for the difference in energy emission by the 
same substance during a §-disintegration. This difficulty is 
so great that in some circles the idea of abandoning the 
principle of conservation of energy in processes involving 
the emission or capture of nuclear electrons is taken into 
consideration. 

J. Chadwick’s discovery of the neutron suggests a 
solution, if we assume, that the masses of all neutrons are 
not identical, but assume values within a certain small 
range, corresponding to the limits of energy variation in 
8-spectra. The behavior of such neutrons in nuclei would be 
practically equal, until they split up in protons and elec- 
trons, which would have different energy contents from 
nucleus to nucleus 


If the assumption proposed is correct it would follow that 
if the nuclei of a given atomic species contain such neutrons 
their masses would also fall within a small range, or, in 
other words, a plot of their masses, taken by a sufficiently 
sensitive mass-spectrograph, against their number would 
not be a sharp straight line but some sort of a bell shaped 
curve. 

It remains to be seen, what difficulties are brought into 
the mathematical treatment of wave and quantum 
mechanics by this assumption (Pauli’s principle, statistics, 
etc.). 

A. v. GROSSE 

Kent Chemical Laboratory, 

University of Chicago, 
December 10, 1932. 


Interpretation of Line Spectra in Crystals 


Recently the writer received a letter from Professor 
Pringsheim of Berlin asking him whether the theories of O. 
Deutschbein and R. Tomaschek on the interpretation of 
the sharp line phosphorescence spectra in solids were in 
good agreement with the line absorption spectra of solids 
which are being investigated in this laboratory. 

As the theories in question are attracting considerable 
attention it was thought wise to publish a general letter 
pointing out some aspects of the theories which would have 
to be modified in order to bring them into agreement with 
the absorption spectra data. 

Otto Deutschbein' has attempted to explain the sharp 
line phosphorescence spectra of the chromium activated 
“phosphors” on the assumption that the lines originate 
from a*F—°G transition. He points out that all the different 
phosphorescence spectra contain an intense doublet at 
about the same frequency and that this doublet also 
appears in the pure light absorption spectra of the chrome 
alums.” 

H. E. White® has analyzed the emission spectra of 
gaseous Cr*** ion and has found that the *F terms are 
separated from the *G terms by about 15,000 cm™ and as 
this is about the position of the doublet in the solid spectra 
Deutschbein concludes that the doublet arises from a 
transition between these states. He further assumes that 
the spectroscopic terms found for the gas spectra are very 
little changed in the solid state and he attributes the 
doublet specifically to either a *Go;2—*F/2, *>Gz/2—*F>/2 or a 
2Go2 —4F 7/2, 2G; 2—4*Fs/2 transition. 

While the main features of his explanation of the 


phosphorescence spectra seem highly probable, this specific 
interpretation seems very unlikely, for several reasons. 

According to his scheme the *F9;2 level lies about 950 
cm”, and the *F;,;2 about 550 cm above the basic level 
and at —195°C the population of atoms in this state, 
according to the Boltzmann distribution, would be negli- 
gible. Therefore one would not expect to observe absorption 
lines from these states at liquid air temperatures. In the 
case of Sm***, where states occur at about 155, 210, 
300 cm™ above the basic level, Spedding and Bear‘ have 
shown that at —195°C the lines originating from the 300 
cm levels are entirely absent and those from the 210 
cm level rapidly fade out in intensity as the temperature 
is still further lowered. The doublet in the case of the 
chrome alum is still strong at — 195°C and certainly is not 
fading out. 

Also De Hass and Gorter’ have investigated the magnetic 
susceptibility of Cr*** in chrom alum from 14.3°A to 298°A 
and found that it did not have a Curie constant corre- 
sponding to a ‘Fy. term but that the spin and orbital 
moments had uncoupled and that only the spin oriented, 
the orbital moment presumably having precessed out due 
to the strong electric fields of the crystal. 

One would then expect the low lying levels of Cr*** in 








'Q. Deutschbein, Zeits. f. Physik. 77, 489 (1932). 
2H. Sauer, Ann. d. Physik. 87, 197 (1928). 

3H. E. White, Phys. Rev. 33, 672 (1929). 

* Spedding and Bear, Phys. Rev. 42, 58 (1932). 

5 De Hass and Gorter, Leiden Comm. 208°. 
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solids to be quite different from the gas levels, since the 
‘F term has evidently gone over to a configuration corre- 
sponding to the “‘strong electric field’’ case. The absorption 
lines would then arise from the lowest levels of this group. 

It might be mentioned here that if the electric fields of the 
neighboring atoms are not strong enough to destroy the 
z/=L, =s=S coupling the distance between the centers of 
the ‘F—*G multiplets will not be greatly changed in going 
over to the strong field case. 

The weak companion lines of the chief doublet which he 
mentions in his paper are probably of the same type as the 
main doublet except they are weak due to a low probability 
of transition. Thus, for example, Spedding and Bear® have 
found weak lines in the absorption spectra of SmCl3;-6H.O 
which arise from the splitting of the excited levels due to 
the strong electric fields of the crystal. These lines are so 
faint, due to the low probability of the transition, that they 
can be observed only in extremely thick crystals. 

Tomaschek’ has extended the theories of Deutschbein in 
explaining the phosphorescence spectra of the rare earths. 
Here, however, the ‘‘active’’ 4f electrons are shielded from 
the electric fields of the neighboring atoms by the com- 
pleted 5s and 59 shells, and it is known from magnetic data 
that the 4f electrons couple together with Russell-Saunders 
coupling to give terms which resemble those found in gases. 
In the “‘active centers’”’ which are excited by the cathode 
rays, there is no reason to expect the selection rules of 
gaseous spectra to hold so that transitions between terms 
arising from the 4f" configurations might be expected. On 
the other hand, in pure light absorption spectra one would 
expect the selection rule forbidding transitions when An 
and Al are zero to hold, as the electric fields of the crystal 
are not strong enough to break down the Russell-Saunders 
coupling of the 4f electrons. Thus, as might be expected, 
the close correlation between the phosphorescence spectra 
and the absorption spectra which exists for the chromium 
compounds is lacking with the rare earths. 
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Some correlation, however, might be expected as the 
transitions of the type (4f*—4f"~'5x) which are almost 
certainly found in absorption® might also be observed in 
phosphorescence. 

Lines arising from these transitions will be very sensitive 
to the type of crystal structure, etc. as the 5x electron will 
be outside the shielding action of the 5s and 5 shells. This 
electron, also due to the shielding, will be more loosely 
coupled to the inner 4f electrons so that its coupling will be 
jj with the resultant of the R.S. coupling of the core elec- 
trons. 

In the case of compounds of Sm*** (as well as Pr*** and 
Nd***) the levels lying near the basic level might also take 
part in the transitions giving rise to phosphorescence 
spectra. Such levels have been found in every compound of 
these salts which we have investigated and should almost 
certainly be present in the phosphors. Absorption lines 
arising from them would show a strong change of intensity 
with temperature and thus would be partially masked due 
to the vibrational bands of the ‘activated centers’’ which 
also show such a dependence.? 

F. H. SPeEDDING 

Chemical Laboratory, 

University of California, 
Berkeley, California, 
December 13, 1932. 


6 Spedding and Bear, Phys. Rev. 42, 75 (1932). 

7 Tomaschek, Phys. Zeits. 22, 878 (1932). 

8 Spedding, Phys. Rev. 38, 2080 (1931); ibid. 37, 777 
(1931); Spedding and Nutting, Phys. Rev. 38, 2294 (1931); 
J. Am. Chem. Soc. to be published February, 1933; 
Spedding, J. Chem. Phys., to be published February, 1933. 

* It might be mentioned here that in the pure absorption 
spectra of the rare earth salts no vibrational bands of any 
sort are observed. We find only lines arising from electron 
transitions between levels which have been decomposed by 
the electric fields of the crystal. 


The Efficiency of Electron Release by Metastable Atoms 


In the period since the publication of the author's 
previous letter of this title' (referred to as 1), a correction 
and a defense have become necessary. 

The experimental facts are briefly these: The sparking 
potential in pure neon is decreased to perhaps a third of its 
value by the addition of traces of an impurity which may be 
ionized by excited neon atoms. Illumination of the spark in 
such impure gas with the light from a neon lamp increases 
the sparking potential to perhaps two-thirds the value for 
pure gas, but illumination does not affect the sparking 
potential in pure gas. The addition of Nz to A or A-Hg 
mixtures produces effects exactly parallel to those of neon 
radiation on neon discharges. 

In deducing the results of I, it was assumed tacitly that 
the spontaneous disappearance of metastables in the body 
of the gas was due to their return to the normal state in 
collisions of the second kind with normal gas atoms, the 
energy being converted into kinetic energy. (The evidence 
then available indicated that the difference in the rates of 


diffusion of resonance radiation and metastables was too 
small to account for the observed magnitude of the effect of 
illuminating the discharge with light from a neon positive 
column.) Recently, Dr. Kenty of the G. E. Vapor Lamp 
Co. suggested in a private communication that the 
spontaneous disappearance of metastable atoms was due to 
their transfer to the resonance state by collisions of the first 
kind with normal atoms, the resonance radiation diffusing 
out of the region more rapidly than was previously be- 
lieved.? On this view, the illumination of the region of the 
discharge merely accelerates the process of converting 
metastables into resonance radiation. Since the substitution 
of photons for metastables at the cathode has no affect on 
the discharge, the conclusion to be drawn is that the two 
have equal electron-emitting efficiencies. From the quanti- 
tative considerations of I, the difference in their efficiencies 
1E. W. Pike, Phys. Rev. 40, 314 (1932). 

2C. Kenty, Phys. Rev., February 1 (1933). 
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is less than 0.005. This is in accord with the observations of 
Langmuir and Found, and Penning.’ If one assumes a 
similar mechanism in argon, then the effects of adding 
nitrogen* may be interpreted by assuming, not that the 
nitrogen molecules absorb the energy of the excited argon 
atoms, with subsequent dissociation, but that the nitrogen 
molecules in low vibrational states lift the argon meta- 
stables to the resonance state by collisions of the second 
kind.§ 

In a recent letter, Spiwak and Reichsrudel*® have criti- 
cized my previous letter on the ground that at the pressures 
used by Penning the positive ions produced the electrons 
necessary to maintain the discharge by collision in the gas, 
rather than by collision with the cathode. The only effect of 
such ionization by ions in the body of the gas would be to 
change slightly the formula for the rate of formation of 
metastable atoms as a function of distance from the 
cathode. The y in Eq. (5) of the previous paper would be 
replaced by a complicated function of a and 8 (the corre- 
sponding function to @ for positive ions), but since neither 
the form nor the value of y enters into the computation of A, 
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the results would not be affected. Furthermore, the voltage 
across Penning’s discharge was only 400 volts, while the 
ionization potential for Ne* in Ne is presumably greater 
than the 300 volts found by Wolf?’ for the ionization 
potential of A+ in A. Consequently, what ionization by ion 
impact took place in the gas would be very close to the 
cathode, and the rate of formation of metastables as a 
function of distance from the cathode would be negligibly 
disturbed. 

The second of the Eqs. (8) in the previous letter should 
contain an m in the denominator. 

EuGENE W. PIKE 
Palmer Physical Laboratory, 
Princeton, New Jersey, 
December 15, 1932. 


3F. M. Penning, Zeits. f. Physik 78, 454 (1932). 

‘F. M. Penning, Physica 10, 47 (1930). 

5 Cf. E. W. Samson, Phys. Rev. 40, 940 (1932). 

® Spiwak and Reichsrudel, Phys. Rev. 42, 508 (1932). 

7F. Wolf, Zeits. f. Physik 74, 575 (1932). Also C. J. 
Brasefield, Phys. Rev. 42, 11 (1932). 


The Scattering of X-Rays by the Gaseous Dichlorbenzenes 


Debye has shown that interatomic distances in single 
molecules of gases may be measured by the angular 
distribution of intensity in scattered x-rays. Mark and 
Wierl have extended the method by the use of high- 
velocity cathode rays. Investigation of a large number of 
simple molecules has given definite information about 
interatomic distances and the spatial configuration of 
isomeric molecules.' 

The writer has undertaken measurements on the three 
dichlorbenzenes with the objects of testing the applicability 
of the Debye method for complex molecules, and of gaining 
further insight into the structure of benzene. Benzene has 
been investigated by Wierl' with cathode rays and work is 
now in progress in the Physikalische Institut, Leipzig? with 
X-rays. 








The results of Wierl, the chemical evidence in the 
number of isomers among the substituted benzenes, and 
the dipole moment data all indicate that the most probable 
structure for the benzene ring is that of a flat hexagon. 
This structure was used in computing theoretical scattering 
curves according to the Debye relation: 


NN 
Io— dD evivi sin x;;/%i; 
xij — (4adj;/d) sin (¢/2) 

Assuming distances of 1.4A for C-C, 1.8A for C-Cl and 


3.2A for the Cl-Cl distance when in the ortho position, 
the summation gives for the ortho compound: 





Is = 64c+| 43 sin Hie, 2 sin 1.7itis , on me] +e 1 = “| 


Xia 1.73x1.4 2%1.4 


+4yclc1 | 


Debye’s values for the structure factor, ¥, are used. 
These are based on a Fermi-Thomas distribution of 
electrons, and while not strictly accurate for such light 
atoms they give a sufficiently good approximation. 

The gas chamber was similar to that used by Bewilogua? 
Nickel foil of 104 thickness was used to cover the windows. 
That at the exit window was bent in a semicircle, with the 
window at its center, in order to avoid making a large 
correction for absorption in the foil at small angles. This 
foil also served as a filter for the copper radiation used. Tin 
was used for soldering the windows because ordinary soft 
solder would not stand the necessary temperature (200°C). 
The films were evaluated by a photoelectric microphotom- 





%3.2 
sin 0.564x;3,2 
0.564x;.2 


2 sin 0.88x;.2 
0.88x:,2 


2 sin 1.28x3.2 
1.28x3,2 





sin 1.44x3.2 
1.44x3.2 


eter designed and constructed by Dr. Elmer Dershem! of 
the Department of Physics, University of Chicago. 
Results are shown in Fig. 1. Curve 1 is theoretical for the 
para-compound, d=6.4A; 2 is meta, d=5.5A; 3 is ortho, 
d=3.2A; 4 is the uncorrected microphotometer curve for 
para; 5 isa similar curve for ortho. All curves are arbitrarily 
placed on the intensity axis in order to facilitate comparison 


1 Bewilogua, Phys. Zeits. 32, 265 (1931) other references 
cited; Ehrhardt, Phys. Zeits. 33, 605 (1932); Wierl, Ann. d. 
Physik. [5] 8, 521 (1931). 

? Bewilogua, Phys. Zeits. 33, 688 (1931). 

3 Dershem, Rev. Sci. Inst. 3, 43 (1932). 
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of the angular positions of the peaks. The theoretical 
scattering curves differ markedly from the scattering curves 
for the Cl atoms alone because of the influence of the C-C 
scattering and the C-Cl. For example the main peak in 
curve 1 is at about the position of the third order peak in 
the simple Cl-Cl curve. 

A comparison of the experimental and theoretical curves 
shows good agreement in peak positions. The large angle 
peak in ortho is entirely missing from the para, while ortho 
shows no pronounced peak at small angles. The differences 
are even more pronounced in visual comparison of the 
films. A film for meta also shows good agreement. It has no 
pronounced small angle peak but a heavy blackening at 
slightly larger angles than the ortho and has a very faint 
large angle peak at a slightly larger angle than that for the 
ortho. While this agreement between experiment and 
theory based on a model does not prove that the model 
postulated is a unique solution it does offer additional 
evidence in favor of the plane ring with substituents in the 
same plane and stronger evidence that atoms in the para 
position are about twice the distance apart of those in the 
ortho position. The meta distance seems to be intermediate 
between the ortho and para. More definite evidence may be 
obtained from a quantitative comparison of the theoretical 
and experimental curves after the latter have been cor- 
rected for polarization, incoherent scattering and variable 
blackening on the film. 


W. C. PIERCE 
Department of Chemistry, 


University of Chicago, 
December 22, 1932. 


The Effect of Secondary Emission from a Metal Collector Immersed in a Discharge 


Recently there have appeared several papers treating the 
secondary emission from collectors immersed in a dis- 
charge.' However, no experiments have been carried out in 
which this effect would be shown directly. 

To study the effect of secondary emission from a 
collector a hot-cathode discharge tube, 5 cm in diameter, 
containing saturated mercury vapor, was constructed. 
The tube contained a cylinder and two disk-shaped plane 
collectors, 0.9 cm in diameter. The plane of one of the 
disk-shaped collectors coincided with the cross-section 
plane of the tube (in the following it will be mentioned 
as collector No. 1), while the plane of the other collector 
was parallel to the axis of the tube (collector No. 2 in the 
following). Semi-logarithmic volt-ampere characteristics of 
both collectors were found to be sharply different in the 
region of high negative voltage with respect to the anode, 
while the linear parts of these characteristics, which 
correspond to ultimate (low-speed) electrons, practically 
coincided. The part corresponding to the region of satu- 
ration (after the kink in the characteristics) were always 
higher for collector No. 2, than for collector No. 1, though 
at high negative voltage the current flowing to collector 
No. 1 was always higher than to collector No. 2. Moreover, 


the transition to saturation was considerably sharper for 
collector No. 2, than for No. 1. Only at high positive 
voltages did the current flowing to collector No. 1 become 
equal to that flowing to collector No. 2. An analysis of the 
characteristics made according to Langmuir and Mott- 
Smith theory, showed that the difference in the charac- 
teristics in the region of high negative voltages was due toa 
current of primary (high-speed) electrons, which reach 
collector No. 1, but do not reach collector No. 2. This 
causes the difference in the characteristics in the saturation 
region as the high-speed primary electrons reaching 
collector No. 1 produce a high secondary emission from 
this collector. Therefore the current flowing to collector No. 
1 in the saturation region will always be less than that 
flowing to collector No. 2. Thus we have a direct proof that 
secondary emission plays an important rdle in the transition 
parts of the characteristics. With a cylindrical collector no 
sharp transition necessary for an accurate determination 
of the reflection factor was ever observed in the saturation 
region. 


1 Lamar and K. T. Compton, Phys. Rev. 37, 1069 (1931); 
Kommnic, Ann. d. Physik. 15, 3 (1932). 
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From the characteristics of collector No. 2 which are not 
affected by the distorting action of high-speed primary 
electrons the reflection factors for ultimate electrons can be 
obtained. Thus, for example with a nickel collector, for a 
temperature of electron distribution T,=15,000°K, the 
reflection factor a for ultimate electrons was found to be 
0.28. 

It is interesting to note, that the positive ion sheath of 
collector No. 1 was always thinner on the cathode side, 
than on the anode side.2 Under certain conditions we 
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could observe the typical electron sheath breakdown 
curves’ for collector No. 1. 
S. D. GvospovER 
Physical Research Institute, 
Moscow-University, 
January 9, 1933. 


2 Compare L. Tonks and I. Langmuir, Phys. Rev. 34, 899 
(1929). 
3]. Langmuir, J. Franklin Institute 214, 275 (1932). 


How Far Do Cosmic Rays Travel? 


Two entirely different suggestions have been advanced in 
the literature as to where the cosmic rays originate. The 
first suggestion is that cosmic rays are of local origin (upper 
earth atmosphere, our own planetary system, etc.). The 
other suggestion is that cosmic rays are produced or have 
been produced throughout the universe, or even more 
specifically, throughout interstellar or intergalactic spaces. 
This latter view has especially been advanced by R. A. 
Millikan. 

The purpose of this paper is to examine these hypotheses 
somewhat more closely and to establish a relation between 
them and the red shift of extragalactic-nebulae. 

Suppose that on the basis of the second suggestion 
mentioned above, the generation of cosmic rays is given as 
« erg/cm® sec., where e=e(r) is only a function of the dis- 
tance r from the observer. Then the radiation intensity o 
from a half sphere of radius R is given by 


o= oJ, e(r)dr in ergs/cm? sec. (1) 
Provided that ¢(r) = «9 = constant, this gives 
o =eoR/4. (2) 
We know, however, that, because of the red shift 
e(r) = e0(1—r/D) (3) 
where D~ 2000 x 10° light years. This gives 
o = (eoR/4)(1—R/2D) (4) 


or if the red shift is proportional to 7 all the way up to 
r=D the total intensity from the universe 


o:=e,D/8. (5) 


In these cases no light signal could ever reach us from 
distances r>D. In spite of an infinite number of luminous 
stars, o, would be finite and one of the old arguments for the 
necessity of a finite space would have to be discarded. 

The difficulty which arises in relation to the suggestion 
that cosmic rays are created throughout intergalactic space 
now is this. According to the observational data the ratios 
of the intensity due to the galaxy a, and the intensity due 
to the rest of the universe o, are 


a=o,/e.>>1 for visible light (6) 


(7) 


b=o,/o,K1 for the cosmic rays. 


The ratio a/b is equal at the very least to a hundred. It is 
therefore impossible that the cosmic rays, if photons, come 
from luminous matter. Now according to the present 
estimates the average density of dark matter in our galaxy 
(p,) and throughout the rest of the universe (p,) are in the 
ratio 

Po/Pu > 100,000. (8) 
If we assume that the cosmic rays are produced at a rate 
proportional to the density, then it follows that the above 
ratio 6 for the cosmic rays according to (2) can only be 
explained if these rays are collected from all distances up to 
10’ Xd light years where d > 10,000 light years is the radius 
of our galaxy. This would correspond to a distance greater 
than 10" light years. Now if the red shift were linear with 
distance all the time, no cosmic-ray photon could reach us 
from distances greater than 210° light years. The 
discrepancy becomes still worse, as Dr. Tolman kindly 
informs me, if the cosmic rays consist of any particles of 
matter such as electrons or neutrons. 

The following suggestions might be advanced in order to 
remove the above discrepancy. 

(1) The extragalactic red shift may increase less than 
proportional to the distance for very great distances. The 
corresponding Doppler velocity at great distances however 
must then relatively soon approach quite closely the 
velocity of light in order to prevent a too great amount of 
visible light reaching us from distant hot stars (O, B-stars, 
etc.). It is also to be remembered that the simple Einstein- 
de Sitter theory requires the red shift to increase faster than 
the distance. 

(2) The ratio (8) may be much smaller than assumed 
above. Difficulties however may arise contradicting the 
so far observed emptiness of extragalactic space. It is also 
to be remembered that cosmic rays at any rate are probably 
more strongly absorbed by any kind of interstellar matter 
than visible light. 

(3) The ‘chemical reaction’”’ producing the cosmic rays 
may be of a negative order, that is, it might be proportional 
to some inverse power of the density. One might picture, for 
instance, a set of quantum states of space which according 
to the exclusion principle is entirely filled up at higher 
densities. Free states might exist at very low densities and 
facilitate processes which are not possible at higher 
pressures. 

(4) Cosmic rays may have been produced at a time when 
the universe was in an entirely different state than it is 
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now. Cosmic rays might have travelled many times in 
circles. Their great absorbability, however, must be 
remembered. This hypothesis must be investigated in 
relation to the recent theories on expansion. 

(5) The production of cosmic rays might be a local 
phenomenon, that is, either it takes place in the upper 
earth’s atmosphere or at least in the neighborhood of 
the solar system. One might, for instance, suggest that 
relatively slow electrons penetrate nuclei and fast electrons 
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are ejected, a process which has recently been found to 
occur for impinging protons. The above process might be 
repeated several times in order to boost up the energies, 
A more detailed paper on the suggestions made in this 
letter will appear shortly. 
F. Zwicky 
California Institute of Technology, 
Pasadena, California, 
January 9, 1933. 


The Uncertainty of the Electromagnetic Field of a Particle 


Heisenberg’s' uncertainty principle for the electromag- 
netic field, 
AE,AH,>hce/l* 


refers to the mean measures of two perpendicular com- 
ponents E,, H, of the electric and magnetic fields in a cube 
of side /. It must be understood as referring to time-mean 
values of this field during the time //c. 

If we consider measurements during a time t=T7I1/c, 
thereby allowing for T elementary determinations, each of 
the uncertainties will be reduced by a factor T'? and the 
above statement becomes, 


AE. AH,>he/h'T =h/lt. 


As E and H are expressed in the same units we may define 
as the uncertainty of the field the largest uncertainty AE of 
each of the six components. We therefore have for the 
uncertainty of the field, 


AE> (hc/ T)!/2 /]2 = (h/t)'/2/B!2, 


We must compare this uncertainty with the value E of 
the components of the field. The electric field is E=ze/r* 
where ze is the charge and r the distance of the charge 


from the cube where the measurement is made. The 
uncertainty of 7 is then the side / of this cube. We have 
therefore, 

(AE/E) (l?/r?) = (he)'!?/ezT' 2 
or 

(AE/E)?(l/r)* = (he/e*z")(r/ct). 


The uncertainty of the electromagnetic laws arises from 
both sources: first the uncertainty AE of the measurements, 
second the uncertainty / of 7 in the formulation of the law. 

The most favorable case comes when these two un- 
certainties are such that AE/E=2//r. We therefore find, 
according to whether we consider 7 or ¢ independent of / 


AE/E = (4he/e*z?T)''® = (200/2*T)"6 
AE/E = (8her /e*2*t)'!® = [(690/2?)(r/ct) }!®. 


We may therefore conclude that: (1) For instantaneous 
determinations (J =1) the field of an electron, proton or 
atomic nucleus is practically undetermined. The un- 
certainty of the instantaneous field of a particle depends 
only on its charge which must be at least 6X 10%e in order 
that the field may be determined to within one percent. (2) 
The uncertainty of the field of a given particle, for instance 
an electron or a proton (s=1) depends on the number of 
times ct/r that light is able to travel from the charge to the 
point where the field is measured. In order to have an 
uncertainty less than one percent we must take the determi- 
nation as a mean over a time !=7-10'*r/c. It is interesting 
to apply these consequences of the uncertainty principle to 
the original Bohr atom. Bohr was right when he considered 
the field of the nucleus as determining the orbit of the 
electron, since this field is static and remains significant 
when averages are taken over long periods of time. He was 
also right in neglecting the radiation of the moving 
electron, because we see now from the uncertainty principle 
that the only determined field is the average field during a 
time in which the electron has made more than 10! 
revolutions. If we average the field before forming the 
Poynting vector we of course cancel the radiation alto- 
gether. 
G. LEMAITRE 
University of Louvain, 
at present at 
Massachusetts Institute of 
Technology, 
January 9, 1933. 

'W. Heisenberg, The Physical Principles of the Quantum 
Theory, p. 52, Chicago (1930); see also G. Lemaitre, 
L’indétermination de la loi de Coulomb, Ann. de la Soc. Sci. 
de Bruxelles, 51-B, p. 12, (1931). 
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